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Foreword

The Conference on Gate Dielectric Integrity was held on January 25, 1999 in San Jose, California.
ASTM Committee F-1 on Electronics sponsored the conference. The conference co-chairmen were
Dinesh Gupta, of Mitsubishi Silicon America, and George Brown of Texas Instruments (currently as-
signed to SEMATECH).

The success of the conference is the result of both the hard work of many people in the industry
who participated as coordinators, and the support of the Officers of Committee F-1. George Brown
and Dinesh Gupta presided at the technical sessions and Howard Huff of SEMATECH joined Dinesh
Gupta and George Brown in moderating the Panel discussions.

We are also thankful to all the presenters at the technical sessions who also joined as panel mem-
bers. Many scientists from all over the world reviewed the manuscripts published in this book.
Without their support, this publication would not have been possible. And finally, we acknowledge
the hard work and efforts of the staff at ASTM in bringing the book to print.
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Overview

The papers in this volume were presented at the conference on Gate Dielectric Integrity (GDI) held
in January 1999 in San Jose, California to describe the concepts and metrology of the Gate Dielectric
Integrity and discuss its applications for the material and device process and tool qualification. ASTM
Committee F-1 on Electronics sponsored the conference. In addition to the technical presentations, a
panel discussion was also held at the conference. A summary of the panel discussion is provided in
Appendix 2.

A wide variety of topics relating to the subject of GDI are presented in this publication. These top-
ics include concepts, methods, protocols, and reliability assessment as related to dielectric integrity.
The characterization of thin dielectrics, various GDI measurement techniques, and discussion of im-
portant effects on the characterization of GDI is also included.

The proceedings section is divided as follows:

» Concepts

*» Thin Gate Dielectrics

« Characterization and Applications

« Standardization and Round Robins—included as Appendix 1

Integrity of thin dielectrics in MOS devices is a dominant factor in determining the overall reli-
ability of microcircuits. Even though many factors influence the final performance of a circuit, de-
vice reliability, in general, starts with high quality of silicon material. Thus, gate dielectric integrity
measurements are one amongst several most commonly used within so-called “Wafer Level Reli-
ability Tests”. The dielectric layer is put under stress until it fails. This failure occurs in two phases:
1) a wearout phase in which the external stress slowly degrades the oxide, and 2) a breakdown
phase where certain physical parameters are exceeded and the dielectric undergoes a runaway
current flow. This high current flow causes the dielectric, shortly after the electrical breakdown, to
break down thermally and to be permanently damaged. Dielectric reliability may be evaluated by
forcing either current or voltage, either with a fixed level or ramped (stepped) stress. MOS capac-
itors with polysilicon gates are customarily used as testing devices. Two stressing methods are
used: 1) time-zero dielectric breakdown (TZDB), and 2) time-dependent dielectric breakdown
(TDDB).

In TZDB testing, the test structure is checked for integrity by measuring the sample response after
applying a constant, initial voltage or current. The stress, either voltage or current, is then increased
in steps until a defined failure criterion occurs, or the applied stress reaches a specified limit. In
TDDB testing, on the other hand, after a similar initial test, a constant stress level, either voltage or
current, is applied until a pre-determined failure condition or upper time limit is reached.

Professor David Dumin of Clemson University explores several oxide reliability assessment at-
tributes and associates them with oxide integrity. He discusses oxide wearout and breakdown in terms
of trap generation inside the oxide and locally high current regions occurring during breakdown
events. He also presents a technique to characterize electric breakdown distributions. The latter are
important in determining yield and early failures of the devices.

John Suehle of National Institute of Standards and Technology discusses the oxide reliability and
GDI characterization for thin gate dielectrics. The value of Quq in case of thin dielectrics and its de-
pendence on device area and current density is discussed in his paper.

ix
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Alvin Strong of IBM Microelectronics describes the advantages and challenges of a voltage step
stress technique for TDDB measurements on oxides in the range of 10 nm. He proposes the advan-
tages as being: 1) sample homogenization, and 2) sample size minimization. “The challenge may be
in the interpretation of the data obtained from this technique sometimes, but the benefits outweigh
this disadvantage,” he says.

Bersuker and Werking of SEMATECH propose a model that provides a physical explanation for
the electric field and oxide thickness dependence of charge-to-breakdown measurements. They note
that relatively lower damage in thinner oxides, as determined by the concentration of generated traps,
may produce a greater effect on oxide leakage current. Therefore, gate leakage current may not di-
rectly represent oxide damage after heavy stress. In fact, they find that after heavy stress, leakage cur-
rent is determined by the probability of trap assisted tunneling, while in lightly damaged oxides the
density of generated traps controls leakage.

Gilbert Gruber and Robert Hillard of Solid State Measurements, Marshall Wilson and Jacek
Lagowski of Semiconductor Diagnostics, and Mark Dexter, et al. of Texas Instruments describe
various non-contact measurements of Gate Dielectric Integrity, and discuss some of the applica-
tions of these measurements. Gruber and Hillard stress the need for making the measurements
rapidly and accurately, and present the use of Hg probe for GDI measurements. They discuss the
application of this measurement in monitoring a variety of process induced defects. Wilson
and Lagowski describe COCOS metrology which maps contact potential difference and
surface photovoltage produced from the application of electric charge on the dielectric surface.
They discuss various applications of this technique in the monitoring of process flows and
contamination. Hasslinger and Dexter utilize measurements made on the Quantox tool to monitor
oxidation furnaces routinely, and to solve the problem of contamination introduced during a high
temperature device process. This contamination had resulted in parametric failures in LOCOS
devices.

The paper by Michael Seacrist describes various applications of GDI measurements in silicon
wafer manufacturing. “Silicon wafer related GDI sensitivity has driven silicon wafer suppliers to
reduce and eliminate the vacancy-related defects,” he says and discusses other wafer properties
such as the smoothness and purity of the silicon surface, which influence thin dielectric GDI mea-
surements. The paper by Grann et al. of Wacker Siltronic gives GOI measurements at different ox-
ide thicknesses.

Miner et al. of Applied Materials discuss the process and equipment technologies for deposit-
ing thin gate dielectrics. They also discuss the differences in the reaction chemistry of deposition
responsible for improvement in gate dielectric integrity. Murakami et al. from Mitsubishi Materi-
als Silicon Corporation apply the high-resolution GDI measurements to study the defect level in
various types of silicon wafers such as, Pure Silicon™, epitaxial silicon, hydrogen annealed bulk
silicon, so-called low COP silicon, and conventional CZ silicon wafers. Using the TDDB tech-
nique, they show a correlation between grown-in crystalline defects and defects in the deposited
oxide.

The papers by Dumin, Suehle, and most others give a broad bibliography on the topic of gate di-
electric integrity, The articles published in the 1999 Symposium on VLSI Technology may also be
interesting to readers.

Appendix 1 gives the interim results of two round robins on the gate dielectric integrity. These
round robins are currently in progress. One of the round robins is being conducted in the USA under
the joint auspices of JEDEC and ASTM Committees, and the other in Japan under the joint coopera-
tion of JEIDA and SEMI Japan Committees. The U.S. round robin is based on three test procedures:
voltage ramp test, current ramp test, and bounded current ramp test. On the other hand, the purpose
of the Japan round robin is to standardize the characteristic evaluation of silicon wafer quality by ox-
ide dielectric breakdown method.
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Finally, appendix 2 gives a synopsis of panel discussions held at the conference. The Panel mem-
bers were the presenters of the papers included in this volume.

Dinesh C. Gupta
Mitsubishi Silicon America
Palo Alto, California
Conference chairman and co-editor

George A. Brown

Texas Instruments, Inc.

Dallas, Texas

(Presently Assigned to SEMATECH)
Conference co-chairman and co-editor
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D. J. Dumin!

Gate Oxide Reliability Assessment and Some Connections to Oxide

Integrity

Reference: Dumin, D. J., “Gate Oxide Reliability Assessment and Some
Connections to Oxide Integrity,” Gate Dielectric Integrity: Material, Process, and
Tool Qualification , ASTM STP 1382, D. C. Gupta and G. A. Brown, Eds., American
Society for Testing and Materials, West Conshohocken, PA, 2000.

Abstract: Most characterizations of oxide reliability involve extrapolation of high voltage
results to low voltage operation. Wearout at high voltages tends to be global while many
reliability attributes, such as breakdown and stress-induced-leakage-currents (SILCs), tend
to be local. This paper will explore several oxide reliability assessment attributes, including
oxide breakdown, stress-induced-leakage-currents, and trap generation. These attributes
will be described and an attempt will be made to associate them with oxide integrity.

Keywords: oxide reliability, oxide breakdown, trap generation, oxide integrity, reliability
assessment, stress-induced-leakage-currents, SILCs, electric breakdowns, thermal
breakdown, dielectric breakdown

Introduction

Since the invention of the metal-oxide-semiconductor (MOS) transistor in the 1960s the
insulator of choice has been thermal silicon oxide. This material combines the highly
desirable properties of an almost perfect insulator with the stable interface needed for
reliable MOS operation, even in the presence of high electric fields [1], [2]. As with all
insulators in electrical applications, it was early recognized that characterizing this material
for quality, reliability, wearout, and breakdown was important.

It has been well documented that many of the local wearout/breakdown properties of the
oxide and the oxide integrity are dominated by defects in the silicon substrate [3-7], by
additions of impurities, intentional or inadvertent to the oxide [8-18], by surface roughness
[19-26], and by anode material [27-28]. The differences in the surface roughness between
the oxide-substrate interface and the oxide-gate interface has been used to explain the
polarity dependence of breakdown [29-30]. The dominance of the cathode and the
importance of the oxide field both contribute to the polarity dependence of breakdown and
to the differences in breakdown distributions obtained with different gate materials {29-31).

Based on this general background, the following topics will be discussed. The wearout-
breakdown process will be described, for both thick and thin oxides, where the details of
the breakdown triggering mechanism are somewhat different. The importance of trap
generation will be described in the context of correlating traps in the oxide with increased
oxide Jeakage and with their role as a breakdown triggering mechanism. The use of stress-
induced-leakage-currents (SILCs) will be briefly discussed as a characterization tool,
particularly in thinner oxides where standard trap generation measurements are difficult to
interpret. The differences between the electric breakdowns and the thermal breakdown will

1Samuel R. Rhodes Professor of Electrical Engineering, Department of Electrical and
Computer Engineering, Clemson University, Clemson, South Carolina 29634-0915.

3
Copyright®2000 by ASTM International WWW.astm.org
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be described in some detail, with emphasis on the similarities and differences between these
two breakdowns, and how the electric breakdowns can be used to describe oxide reliability
and integrity. This paper will conclude with some suggestions for future work.

The Breakdown Process

In the 1960s and 1970s a description of the breakdown process was formulated [32-
38]. The following description of the wearout-breakdown process is found in [38]:

"III. THE BREAKDOWN EVENT ... breakdown in thin-film capacitors as a multistage
event consisting of (1) an initiating process followed by (2) instability and current runaway.
(3) the voltage collapse and discharge of the electrostatic energy stored in the specimen and.
(4) the establishment of a new low-voltage state. The discharge usually occurs in a
filament and for capacitors with thin counter electrodes (<1000 A) nonshorting breakdowns
may occur where the high localized currents and temperatures evaporate the electrode
material around the breakdown channel, isolating the damaged area. For the nonshorting
event two additional steps are required: (5) quenching of the hot breakdown channel and
(6) recovery of the circuit via the series-resistor-sample-capacitor time constant”

Notice that this description of breakdown includes events that have become known as
early-breakdowns, soft-breakdowns, quasi-breakdowns, and electric breakdowns [39-45].
This description of breakdown also leads to the concept of non-uniqueness of breakdown
distributions [46]. The measurement of the breakdown event depends on the equipment
used to make the measurements and the definition of what will be counted as a breakdown.
That is, it is possible to count an electric breakdown as the breakdown event or it is
possible to wait until thermal breakdown occurs. Even in the 1990s authors continue to
redescribe this breakdown sequence, as if it were a new physical model, [47-51] in almost
identical terms to that used in the 1960s and 1970s [32, 33, 38].

The wearout-breakdown process has been schematically shown in Figure |. In this
figure the wearout or weakening of the oxide has been shown as leading to the formation of
an initial conducting path. When a conducting path forms between the cathode and anode.

the electrical energy stored in the capacitor, 1/2 cv?, discharges through this path. raising
the local temperature, melting the materials, and leading either to an electric breakdown or a
dielectric breakdown. In thicker oxides this conducting path is probably triggered by local
avalanche processes in the oxide [52-55]. In thinner oxides the path is probably triggered
by a local trap assisted tunneling or Bohr radius overlap between the traps generated by the
high fields [56-61]. Optical techniques have been developed and used to confirm the local
nature of multiple electrical breakdowns and of the final thermal, dielectric breakdown. [23,
25, 44, 46, 62-70]. Regardless of which process or processes lead to the generation of a
local high current density region, it should be emphasized that the triggering of the
breakdown is a thermal event and is caused by a local, high-temperature region.

o

=
g % "o

FIRST CONDUCTING PATH SECOND CONDUCTING PATH FINAL SHORTING PATH
QUASI-BREAKDOWN

Figure 1 The model of breakdown involving the formation, collapse, and re-formation of
conducting paths between the cathode and anode.
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Trap Generation

Several techniques for measuring the trap densities or charge densities generated by the
high voltages have been developed. One of the techniques that shows both good and bad
features is shown in Figure 2. In this figure quasi-static capacitance-voltage (QSCV)
characteristics of a 10 nm thick oxide have been shown before and after stressing at -9V

until a fluence of over 1 C/cm? had passed through the oxide. The different C-V
characteristics were recorded by changing the voltage at which the C-V measurement
began. All of the measurements were begun at positive voltages, which was necessary
because the substrate was p-type. The starting voltage polarity was opposite to the stress
voltage polarity and partially tunnel discharged some of the stress generated traps, thus
changing the measured flatband voltage [71-73]. If the flatband voltage had been used to
determine the charges trapped in the oxide by the -9 V stress, then the amount and sign of
the charges would have depended on the measurement conditions, resulting in an
unacceptable technique for measuring oxide traps. However, the shape of the QSCV
characteristics did not depend on the measurement sequence and could be used to determine
the interface trap densities across the bandgap [74]. It can be seen from Figure 2 that the
QSCYV characteristics, and by inference, the interface trap densities, were all identical,
regardless of the measurement sequence. Thus, measuring charge densities in the oxide
after a stress can be meaningless. However, measuring interface trap densities results in a
consistent and reproducible characterization of the interface damage caused by the high
voltage stress.

Stress at -9V, hold voltage as shown for
20 sec after stress

1.2
1.0 T
_ —1—— Initial
0.8 —T— 0V
e | == @4\
& 0.6 -
-~ et AN
o 04 - I 45V
] e TN
0.2 —1 +9V
-0.0 y T T T T T

-4 -2 0 2 4
Gate Voltage (Volts)

Figure 2 Quasi-static C-V characteristics before and after identical stresses. The shape of
the characteristics was independent of the small voltages applied after the stresses, while
the flatband voltage shifts depended on how the measurement was made.

The interface trap densities measured on 10 nm thick oxides have been plotted as a
function of stress fluence in Figure 3 for oxides stressed at different voltages. At each of
the target fluences the interface trap densities increased, in some cases as much as two
orders of magnitude as the stress voltages were raise by 2 or 3 volts. Thus, the stress
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voltage, or stress field, was more important in determining interface trap densities than was
the fluence of electrons passing through the oxide. The fluence dependence of trap

generation was sub-linear, with a fluence(1/2) dependence being a good fit to the data.
Except for the anomalous positive charge (APC) portion of the trap generation, the sub-
linear fluence dependence of trap generation is generally observed [75-77].

The importance of the sub-linear fluence dependence of trap generation can be realized
by replotting the data of Figure 3 to show the interface trap generation rate in traps per
fluence (electron) as shown in Figure 4. The trap generation is high at the start of the

stress, falls as the stress progresses, and follows a fluence(1/2) dependence, independent
of stress polarity or substrate type. This fluence dependence of trap generation has lead to
the concept that the traps are generated by the breaking of bonds in the oxide and the data
shown in Figure 4 is actually a measure of the energy dispersion relationship for trap
generation [77]. When the stress begins, the weakest bonds in the oxide are the first to be
broken. As the stress continues it becomes more difficult to break a bond, since the
weakest bonds have already been broken. The concept of using fabrication technology to
increase bond strength and improve oxide reliability has been demonstrated [78]. The
energy, bond-angle dispersion of the bridging oxygen bonds supports this model of bond
breakage and trap generation [79]. High-voltage trap generation occurs in all oxides and 1s
a global property of the oxide. As such, trap generation is probably not a very sensitive
measure of oxide integrity, which is a more local phenomenon.

When the tunnel charge-discharge of the stress-generated traps is used to measure the
bulk oxide trap density [80-84], similar fluence dependences are measured, as shown in
Figure 5 [61]. The stress-generated bulk oxide trap densities were proportional to the

fluence(!/3) and the trap generation rate was proportional to the fluence(2/3). These
different fluence dependences reflected the different coordination of interface trap densities

(cm'2) and bulk trap densities (cm'3) and not some fundamental differences in the trap
generation processes. The bulk trap generation rate dropped as the trap generation process

continued. Trap densities of the order of mid-101% /em> occurred immediately prior to
breakdown. These trap densities prior to breakdown are consistent with the model of
breakdown being triggered by the generation of a local trap-assisted-tunneling current path
in thinner oxides[60-63].

One of the problems that occurs when measuring either interface traps or bulk traps is
the decrease in the measured trap densities as the oxides become thinner [85, 86]. While
several authors have attributed this decrease in measured trap densities to decreases in trap
generation, it is more likely due to the techniques used to measure the traps [86]. Traps
within a tunneling distance, about 2 to 3 nm, of either interface tunnel charge and discharge
in the first few seconds after the stress is removed. Most techniques for measuring trap
densities are not able to account for these traps [86, 87]. Using conventional C-V or tunnel
discharge measurements to measure the trap denstties in oxides thinner than about 9 nm
seriously underestimates the trap densities inside the oxides.

A recent study of the trap densities was made in oxides whose thicknesses were
systematically varied between 5 nm and 13.5 nm [88]. The trap densities were measured as
a function of stress field, stress fluence, and stress time. Typical trap density vs. electric
field data taken on some of the 7 nm and 13.5 nm thick oxides have been shown in Figure
6. Similar data were taken on all of the other oxides. It was found that all of the trap density
data, on all of the different thicknesses of oxides, for all stress fields, times, and fluences
could be fit by one simple trap generation equation [88]. The trap density, N, was given

by

NT = NO . exp'(Ea /kT) . fm= NO . exp'((AH - ﬁEo) /KT), tm (1)
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The constant, N, was found to be centered around 1.2 ¢ 1021 /cm3, which is

approximately the density of the bridging oxygen bonds in silicon oxide (79, 87]. Using
the measured value of activation energy, E,, of 0.2 ev, measured at 10 MV/cm [89], it is

possible to determine AH, the enthalpy, as 0.32 ev. The constant, B, has the value of 0.012
cm/MV. The value of m was previously determined to be approximately 0.2 [90, 91].

10 17

10 12 4

W - Stress
¥+ Stress

1011‘

10 10 .

Delta Dit (mid-gap) (states/ev/icm2)

Fluence (C/cm2)

Figure 3 Stress-generated interface trap densities as a function of stress fluence for 10 nm
thick oxides stressed at different voltages. At each fluence level the different trap densities
represent data taken at different oxide fields.

10 16

substrate type
streas polarity
8 pl)
L0
5 R4
LI

ADit/ F (States / ev / Coul)

10 24

I e e e e—

10 105 104 102 0?0

—
10° 10

Fluence (Coul / cm2)

Figure 4 The interface trap generation rate as a function of stress fluence showing thedrop
in trap generation efficiency as the stress progresses.
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Figure 5 Bulk oxide trap generation and trap generation rate as a function of stress fluence

showing the ﬂuence(l/ 3 )and ﬂuence'(Z/ 3) dependences of the trap generation and trap
generation rate, respectively.

All of the constants in Eq. 1 have physical significance. The value N, indicates that the

bridging oxygen bonds are the likely source of the traps, which may be oxygen vacancies
[92], generated by the high fields [79, 92 - 95]. These traps are responsible for creating the
conducting path between the cathode and anode that triggers breakdown 1n thin oxides [93.

96, 97]. The term (AH - BE,)) is a field dependent activation energy. When (AH - BE) = 0.

there is no barrier to converting all of the bridging oxygen bonds to oxygen vacancies and
the ultimate field strength of the oxide has been reached. The ultimate field strength of the
oxide predicted by Eq. 1 is 27 MV/cm which is very close to the value of 30 MV/cm

previously given [1]. The field acceleration factor, f, was found to be 0.012 c/M V/ev,
which predicts a factor of 10 increase in the trap density for every increase in field of 0.8
MV/cm. This field acceleration factor is very close to the factor of 10 increase in time-to-
breakdown observed for every increase in field of 1 MV/cm [98, 99].

Using the measured values of N, and enthalpy, Eq. 1 can be written as

NT =12 1021 . exp(-(0.32 +0.012 EO) /KT), t0'2 )

This equation can be rearranged to predict the time-to-breakdown [100] by solving for
time, and equating this time to the time-to-breakdown. The time-to-breakdown becomes

t=tth = (N /N)> « exp((1.6 - 0.06 Eg) / kT) 3)

The time-to-breakdown measured by long-time, low-field tests has yielded a ttb of

ttb = Ag exp (115 0.07 E) /KT) @)
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which agrees quite well with the time-to-breakdown predicted based on trap generation data
[93, 97, 101]. Notice that the activation energies of trap generation and breakdown are field
dependent and are different from each other, something noted by others [102].

10 sresstime 7 rmoxides L)
95
'
LI . %?;a:as 135 nm ovides
b 560sec
0 9ge ¥ Qscac
(?,\ 0 Hsc e 0 100scde
b5 '
e 50 se¢ £
§ g
2 2
% ']
c c
[} [
ko] T
i ¢
open symmbals = calculted ¢ opensymbols=caculated
filed symbls = measwred filed symbols = measureq
‘01! > L L L a 1 0,, 1 1 1 4
0 1 12 1B 1 15 1 10 11 1 13 14
olctic ield (#lem) elctic fiid [MViom)

Figure 6 Trap densities in 7 nm and 13.5 nm thick oxides as a function of stress field.
The filled symbols represent the data and the open symbols represent the fit to the data
described by Eq. 1.

While most of the discussion of trap generation has focused on the traps being a
precursor to dielectric breakdown, it should be noted that breakdown is not triggered by
traps in the oxide. Breakdown is triggered by a locally high current density which leads to
locally high Joule heating, thermal runaway, local melting and then, usually, evaporation of
the meit, followed by multiple repetitions of this process until a stable short circuit is
formed between the cathode and anode. It is possible to demonstrate that an oxide can
breakdown without having a large density of stress generated traps by limiting the trap
generation prior to the breakdown event. The QSCV characteristics shown in Figure 7 were
taken on a 10 nm oxide grown on p-type silicon. The oxide was stressed with the surface
in deep depletion, in the dark, where the current through the oxide was limited by the
minority carriers (electrons) generated inside the depletion region of the semiconductor. The
stress voltage that caused breakdown was +50 V and most of this voltage was dropped
across the silicon depletion region. The QSCV characteristic has been shown before
breakdown, after breakdown had occurred and the short circuit had been subsequently
open-circuited using a technique similar to that previously described [32, 33, 37, 38], and
after further stress at +45V. There were very few traps generated in the oxide, as can be
seen by comparing the QSCV characteristics of Figure 7 with the QSCV characteristics of

Figure 2. During ali of these stresses the fluence through the oxide was less than 103

Clem?, very few traps were generated in the oxide because the oxide field was small, and
yet the oxide broke down. The local breakdown region was probably caused by a high
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local current density, triggered by local avalanching in the silicon.

In the above discussion concerning trap generation, it was assumed that the oxide field
was the dominant trap generation mechanism, The details of trap generation are not yet
completely known. It is still unclear if back-diffusion of holes generated in the silicon
substrate or gate [75] or if hydrogen released at the anode [76] help catalyze the trap
generation reaction. However, the hole back-diffusion will be very small at voltages below
5 V because the electrons arriving at the anode do not have sufficient energy to generate a
hole capable of back-diffusing into the valance band of the oxide. This anode hole model
also predicts trap generation proportional to the electron fluence, something not measured
[75, 76, 77] and an infinite time-to-breakdown at zero electric field, a concept at odds with
our understanding of entropy [96]. The liberation of hydrogen at the anode requires an
electron energy greater than 2 ev and, thus, should not be important in circuits operating at
voltages around 1.5 V.

4.0E-11
3.0E-11 -
g .
% 2.0E-11
& ]
1.0E-11 —
0.0E+0 - — — . —
-4 -2 o 2 4
Gate Voltage (V)
10 nm oxide
2

fluence < 10 2 C/em

Figure 7 QSCYV characteristics taken on 10 nm thick oxides before breakdown, after
breakdown and open-circuiting of the breakdown region, and after subsequent continued
stress. The oxides were stressed in deep depletion where there was very litile current
through the oxide and relatively low fields across the oxide during the stress.

Stress-Induced-Leakage-Currents (SILCs)

It has been known for some time that high voltage stresses lead to increased
pretunneling currents, often called stress-induced-leakage-currents (SILCs) [103, 104].
These SILCs are directly proportional to the density of traps generated by the high voltage
stresses [103, 104, 84, 105]. While these low-level leakage currents are generally not
significant in logic circuit operation, they are a limiting factor in non-volatile memory
operation because they reduce data retention time [106]. It is now recognized that SILCs
are more complicated than just increases in the pretunneling currents. There are SILCs,
often called type-B SILCs, that are associated with the minuscule conducting paths
associated with electric breakdown regions [107-109]. These type-B SILCs lie, in
magnitude, between the trap-assisted-tunneling currents caused by the traps and the high
currents associated with the thermal breakdown region. Recently it has been found that the
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trap-assisted-tunneling SILCs are composed of two terms, a dc term and a transient term
[71, 72, 86, 110-119]. Both the field and thickness dependences of the two components
are different [111, 112]. It should be noted that ionizing radiation produces SILC-like
currents in an oxide [120-126]. However, these currents are not permanent and vanish
once the less mobile holes have drifted or diffused out of the oxide. SILC-like currents can
also be generated by incorporation of impurities into the oxide [8-10, 15], a property of the
impurities that led to early non-volatile memories [9]. The impurity generated SILCs have
the same dc-transient and dc components as stress-generated SILCs [10,15].

Measurement and Characterization of Breakdown

In light of the discussion above concerning the electrical/thermal nature of the
breakdown events, a brief discussion of the measurement and characterization of
breakdown is appropriate. The breakdown process involves both the electrical breakdowns
and the thermal breakdown [32-38]. The importance of differentiating between the electrical
breakdowns and the thermal breakdowns has been codified in a recent ASTM Standard
dealing with ramped voltage breakdown measurements [127]. The electrical breakdowns
have been discussed for constant current measurements [45, 128-131] and for constant
voltage measurements [46, 132]. It has been shown that, while the breakdown voltage
distributions of the electrical and thermal breakdowns are different, they produce parallel
distributions [132, 133].

A series of measurements were undertaken to more clearly define details of the electrical
and thermal breakdowns. The time-to-breakdown distributions for constant-voltage
stressings of several oxides between 1.6 nm and 80 nm were determined. For each series
of measurements, on a given thickness of oxide, the area of the capacitors was held fixed.
During each measurement the current flowing through the oxide was measured using a HP
4140b pAmeter. A high speed storage oscilloscope, Tektronix TDS-520, was used to
measure, record, and store the transient voltage across the oxide whenever an electric or
thermal breakdown occurred. The surface of the gate on top of the oxide was optically
observed to see when spots indicating a breakdown had occurred. Whenever an electrical
breakdown produced the classic drop in voltage followed by a recharging of the oxide [32-
38], the wave shape of the voltage across the oxide was recorded and stored in a large
memory file. In thicker oxides a spot associated with the melting that accompanied an
electrical breakdown appeared on the surface of the gate.

A few of the many typical waveshapes observed during one constant voltage stress test
have been shown in Figure 8. The frequency of the electric breakdowns tended to increase
as the stress time increased. The waveshapes of the individual electric breakdowns did not
significantly change during the stress.

Several breakdown distributions measured on a small number of oxides have been
plotted in Figure 9. The times of the first electric breakdowns have been plotted along with
the times of the thermal breakdowns. These two distributions were relatively parallel,
similar to the breakdown voltage distributions previously reported [133). These two
distributions were over an order of magnitude different in time-to-breakdown. These two
distributions have been referred to as a time-dependent-electric-breakdown (TDEB)
distribution and a time-dependent-dielectric-breakdown (TDDB) distribution, respectively.
In Figure 9 two other breakdown distributions have also been recorded. For one of these
distributions a low-impedance voltage source, VIZ WP-711, was used to produce the
applied voltages. The VIZ WP-711 power supply was manufactured by VIZ Mfg. Co.,
Phila., PA, 19144 and had an internal impedance of approximately 10 olums. The time-to-
breakdown distribution measured when this power supply was used as the voltage source
produced breakdown times very close to those measure by the TDEB distribution, For the
other distribution, the HP 4140b pAmeter was used to supply the voltages to oxides, but an
auxiliary external capacitor was placed across the oxide. The purpose of this additional
capacitor was to store more capacitive energy and to make this energy available at the time
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of an electric breakdown. The time-to-breakdown distribution measured when an external

capacitor provided more capacitive stored energy, 1/2 CV2, to the electric breakdown
regions was also close to the TDEB distribution. Thus, the measured time-to-breakdown
depended both on the measurement equipment and the definition of breakdown.
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Figure 8 Waveshapes of electric breakdowns prior to thermal breakdown.
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Figure 9 Electric and thermal breakdown distributions obtained on identical oxides at the
same stress fields. The explanation of the different distributions is given in the text.
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The explanation for the different breakdown distributions described in Figure 9 is
inherent in the definitions of electrical and thermal breakdowns [32-38]. Every electric
breakdown is a possible thermal breakdown. All that is needed to force an electric
breakdown into becoming a thermal breakdown is to efficiently couple the electrical
discharge of the capacitor during an electric breakdown into the formation of a large thermal
melted region, a region sufficiently large that it will not open circuit during the subsequent
discharge of the capacitor. Either a low impedance source, which could provide more total
energy to the oxide during an electric breakdown event, or the use of an external capacitor
to provide more energy during the electric breakdown could raise the local temperature to
the point where a large, stable short circuit formed between the cathode and anode. The
data shown in Figure 9 demonstrates different ways of coupling the energy of the electrical
breakdown into the thermal breakdown and shows that breakdown distributions are not
unique, but depend on the equipment and techniques used to measure them.

It is possible to use the electric breakdown distribution to simplify the measurement of
the extrinsic portion of a breakdown distribution. It must be recognized that every electric
breakdown is a possible thermal breakdown. Thus, if all of the times of the electric
breakdowns are recorded, up to the final thermal breakdown, then a plot of the time-to-
electric-breakdowns is, in reality, a plot of all of the possible times-to-thermal-breakdown,
In Figure 10 the breakdown distribution obtained on 6 identical capacitors has been plotted.
In this figure the open symbols are all of the electric breakdown times and the 6 filled
symbols are the thermal breakdown times. As can be seen the electric breakdowns form the
same “intrinsic” breakdown distribution that is found for the thermal breakdowns.
However, the very large number of early electric breakdowns that were recorded also
produced a plot of the “extrinsic” breakdown population. Usually, in order to obtain a
multimodal breakdown distribution, particularly on modern high quality oxides where
extrinsic breakdown is very unlikely, it is necessary to consume much time and break down
hundreds of capacitors. The data shown in Figure 10 indicates a simple way of obtaining
an “extrinsic” breakdown population using only a small number of devices. It is only
necessary to record all of the times of the electric breakdowns and the thermal breakdowns
on a small number of capacitors and then plot the total distribution. In Figure 11 similar
electric/thermal breakdown distributions have been plotted for 3 nm thick oxides, showing
the usefulness of this technique for producing breakdown distributions, even for very thin
oxides. The concepts described above have been successfully applied to oxides as thin as
1.6 nm.

The electric breakdowns may be the cause of the overerase upsets in EEPROMs [134,
135]. This overerase upset has the following characteristics. During the erase of the
EEPROM cell, Fowler-Nordheim tunneling currents flow through the oxide over the
source. Some of the cells overerase and must be reprogrammed by a soft write. On every
erase cycle, in general, different cells overerase, but occasionally the same cell overerases
many times. In general, the number of cells that overerase increases as the number of
write/erase cycles increases. It is proposed here that the cause of the overerase upset is
electric breakdowns that occur locally during the high voltage erase operation. These
overerase upsets have been shown schematically in Figure 12. These overerase upsets are
not destructive and are self healing. They will produce a statistical distribution of over-erase
upsets very similar to the statistical distribution of electric breakdowns.
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Figure 10 The times of the electric and thermal breakdowns taken on 6 identical oxides,
plotted as a breakdown distribution, showing an easy way to obtain both the “intrinsic”
and “extrinsic” breakdown populations, using only a small number of oxides.
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Figure 11 Electric/thermal breakdown distributions obtained on 3 nm thick oxides at two
different electric fields.
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Figure 12 A schematic sketch of the over-erase upset problem caused by source-side
Fowler-Nordheim tunnel erase and electric breakdowns in the oxide in the vicinity of the
source.

Discussion and Conclusions

The field of oxide wearout and breakdown has been briefly discussed in terms of trap
generation inside the oxide and locally high current regions occurring during breakdown
events. There are, in general, many electrical breakdown events occurring prior to the
thermal breakdown. The local breakdowns can be triggered by trap generation inside the
thinner oxides and by avalanching in thicker oxides. However, these breakdowns can also
be triggered by impurities or asperities, particularly at or near the cathode. These asperities
are probably exceedingly important in determining oxide integrity. If the oxide is
completely uniform and amorphous, then the incidence of early breakdowns or “extrinsic”
breakdowns may be reduced, but early failures will still occur due to the statistics of the
wearout/breakdown process.

Many of the processes occurring in oxides during high voltage stresses can be
characterized by measuring the stress-generated trap densities. However, it should be
recognized that conventional trap generation techniques severely underestimate the trap
densities in very thin oxides. For thinner oxides, where tunnel charging and discharging of
the traps near the interfaces underestimate the trap densities, SILCs are probably a better
measure of trap generation. It is important to recognize that the SILCs contain both dc and
transient components, and that these two components have different field and thickness
dependencies.

Dielectric breakdown distributions, in spite of their near universal use, provide limited
information concerning the physics of wearout and breakdown, since they are dominated
by the thermal breakdown and are not a measure of the first breakdown in the oxide. The
nonuniqueness of breakdown distributions is an area of oxide reliability that must be
explored in greater detail in the future to insure that the measured breakdown data taken on
large area capacitors at high voltages is applicable to small area devices operating at low
voltages. More effort should be placed on measuring the transient electric breakdowns that
occur prior to thermal breakdown, particularly for gate oxide integrity characterization.

The field, fluence, time, and thickness dependences of trap generation have been
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measured and fitted to an Eyring equation. It was shown that the measured and calculated
trap densities agreed quite well and the measured trap generation predicted the ultimate field
strength of the oxides and the measured field and time dependences of breakdown
distributions. The measured parameters found in the Eyring formulation point to the
physical processes taking place inside the oxides during wearout. The traps are probably
associated with the bridging oxygen atoms and are either oxygen vacancies or motion of the
bridging oxygen atoms.

The most critical application where oxide wearout, trap generation, SILCs, and electric
breakdowns are important is in the area of non-volatile memory production. The oxides in
these devices not only sustain the highest operating fields of oxides in ICs but are most
sensitive to oxide degradations, Methods of quickly and accurately characterizing oxide
integrity in these devices are needed. It should be noted that a recent publication concerning
EEPROM reliability indicated that dielectric breakdown is not observed in EEPROM
devices because, while the applied field might be quite high, the total amount of capacitive
energy is too small to trigger thermal breakdown [136].

Electric breakdowns are most important in determining yield and early failures. A
technique has been presented that uses transient voltage measurements to characterize
electric breakdown distributions. This technique has an advantage over other techniques for
obtaining “extrinsic” breakdown populations, in that it requires recording many electric
breakdowns on a small number of oxides. Oxide integrity can probably be characterized by
measuring the electric breakdown distributions.

Acknowledgments

The author wishes to acknowledge the assistance of the Clemson University graduate
students who have worked in the area of oxide reliability over the past 12 years. Most of
what he learned, he learned from them. In particular, T. Robinson, O. Oralkan, and J. C.
Jackson have recently been working on characterizing electrical and thermal breakdowns.
D. Qian measured and analyzed the trap generation data to produce the Eyring formulation.
Many of the devices measured in these studies were provided by G. A. Brown of Texas
Instruments, who also provided many critical insights into the physics and technology of
oxide wearout and breakdown.

References

1. Sze, S. M., Physics of Semiconductor Devices, John Wiley & Sons, New York, 1981.
2. Nicollian, E. H. and Brews, J. R., MOS (Metal Oxide Semiconductor) Physics and
Technology, John Wiley & Sons, New York, 1982,

3. Monkowski, J. R. and Zahour, R. T., “Failure Mechanism in MOS Gates Resulting
from Particulate Contamination”, Proceedings of the IEEE IRPS, Vol. 20, 244, 1982.

4. Wolters, D. R. and Van Der Schoot, J. J., “Dielectric Breakdown in MOS Devices. Part
I: Defect-Related and Intrinsic Breakdown”, Philips Journal of Research, Vol. 40, 115,
1985.

5. Thakur, R. P. S, Chhabra, N., and Ditali, A., “Effects of Wafer Bow and Warpage on
the Integrity of Thin Gate Oxides”, Applied Physics Letters, Vol. 64, 3428, 1994.

6. Satoh, Y., Shiota, T., Murakami, Y., Shingyouji, T., and Furuya, H., “Degradation of
Dielectric Breakdown Field of Thermal SiO, Films due to Structural Defects in Czochralski

Silicon Substrates”, Journal of Applied Physics, Vol. 79, 7944, 1996.

7. Ogata, T., Ban,C., Ueyama, A., Muranaka, S., Hayashi, T., Kobayashi, Kobayashi,
J., Kurokawa, H., Ohno, Y., and Hirayama, M., “Impact of Organic Contaminants from
the Environment on Electrical Characteristics of Thin Gate Oxides”, Japanese Journal of
Applied Physics, Vol. 37, 2468, 1998.

8. Kahng D. and Nicoliian, E. H., “Multilayer-Gate Semiconductor Memory” in Applied



DUMIN ON OXIDE RELIABILITY 17

Solid State Science (edited by Wolfe, R.) Vol I, Academic Press, New York, 1972. .
9. Chen, L. L., Pickar, K. A., and Sze, S. M., “Carrier Transport and Storage Effects in
Au Jon Implanted SiO Structures”, Solid-State Electronics, Vol. 15, 979, 1972.

10. Huff, H. R., Halvorson, R. D., Chiu, T. L., and Guterman, D., “Experimental
Observations on Conduction Through Polysilicon Oxide”, Journal of the Electrochemical
Society, Vol. 127, 2482, 1980.

11. Fleischer, S., Liu, Z. H., Lai, P. T., Ko, P. K., and Cheng, Y. C., “Off-State Leakage
Currents in N-Channel Metal-Oxide-Semiconductor Field-Effect Transistors with 10-nm
Thermally Nitrided and Reoxidized Nitrided Oxides as the Gate Dielectric”, Applied
Physics Letters, Vol. 59, 3006, 1991.

12. Kim, J., Joshi, A. B., Yoon, G. W., and Kwong, D.-L., “Effects of Residual Surface
Nitrogen on the Dielectric Breakdown Characteristics of Regrown Oxides”, IEEE Electron
Device Letters, Vol. 14, 265, 1993.

13. Hames, G. A., Wortman, J. J., Beck, S. E., and Bohling, D. A., “Degradation of
Rapid Thermal Oxides due to the Presence of Nitrogen in the Oxidation Ambient”, Applied
Physics Letters, Vol. 64, 980, 1994,

14. Honda, K.and Nakanishi, T., “Influence of Ni Impurities at the Si-SiO; Interface on

the Metal-Oxide-Semiconductor Characteristics”, Journal of Applied Physics, Vol. 75,
7394, 1994.

15. Natarajan R.and Dumin, D. J., “Traps in Reoxidized Nitrided Oxides of Varying
Thicknesses”, Journal of the Electrochemical Society, Vol. 142, 645, 1995,

16. Dumin, N. A., Dumin, D. J., Hames, G. A., Wortman, J. J., and Beck, S. E.,,
“Effects of Nitrogen Incorporation during Growth on Thin Oxide Wearout and
Breakdown”, Solid-State Electronics, Vol. 38, 1161, 1995.

17. Arakawa, T., Matsumoto, R., and Kita, A., “Effect of Nitrogen Profile on Tunnel
Oxynitride Degradation with Charge Injection Polarity”, Japanese Journal of Applied
Physics, Vol. 35, 1491, 1996.

18. Suzuki, K., “Analytical Model for Threshold Voltage Shift due to Impurity Penetration
Through a Thin Gate Oxide”, IEEE Transactions on Electron Devices, Vol. 44, 1386,
1997.

19. Carim A. H. and Bhattacharyya, A., “S/SiO; Interface Roughness: Structural

Observations and Electrical Consequences”, Applied Physics Letters, Vol 46, 872, 1985.
20. Rubloff, G. W., Hofmann, K., Liehr, M., and Young, D. R., “Defect Microchemistry
at the §i0,/Si Interface”, Physical Review Letters, Vol. 58, 2379, 1987.

21. Morita, M., Teramoto, A., Makihara, K., Ohmi, T., Nakazato, Y., Uchiyama, A., and
Abe, T., “Effects of Si Wafer Surface Micro-Roughness on Electrical Properties of Very-
Thin Gate Oxide Films”, in ULS! Science and Technology/1991, edited by Andrews, J. M.
and Celler, G. K., Proceedings of Vol. 91-11, The Electrochemical Society, 400, 1991.
22. Ohmi, T., Miyashita, M., Itano, M., Imaoka, T., and Kawanabe, 1., “Dependence of
Thin-Oxide Films Quality on Surface Microroughness”, IEEE Transactions on Electron
Devices, Vol. 39, 537, 1992.

23. Uraoka, Y., Maeda, T.,Miyanaga, 1., and Tsuii, K., “New Failure Analysis Technique
of ULSIs Using Photon Emission Method”, Proceedings of the IEEE ICMTS, Vol 5, 100,
1992.

24. Meuris, M., Verhaverbeke, S., Mertens, P. W., Heyns, M. M., Hellemans, L.,
Bruynseraede, Y., and Philipossian, A., “The Relationship of the Silicon Surface
Roughness and Gate Oxide Integrity in NH,OH/H,0, Mixtures”, Japanese Journal of
Applied Physics, Vol. 31, L1514, 1992,

25. Uraoka, Y., Eriguchi, Tamaki, T., and Tsuji, K., “Evaluation Technique of Gate Oxide
Damage”, Proceedings of the IEEE ICMTS , Vol. 6, 149, 1993,

26. Uchida, H., Hirashita, N., and Ajioka, T., “The Effect of Oxide Charges at LOCOS
Isolation Edges on Oxide Breakdown”, IEEE Transactions on Electron Devices, Vol. 40,



18 GATE DIELECTRIC INTEGRITY

1818, 1993.
27. Wristers, D., Wang, H. H., Wolf, Han, L. K., Kwong, D. L., and Fulford, J., “Ultra
Thin Oxide Reliability: Effects of Gate Doping Concentration and Poly-Si/SiO, Interface

Stress Relaxation”, Proceedings of the IEEE IRPS, Vol. 34, 77, 1996.

28. Ko, D.-H., Lee, N. L, Kim, Y. W,, and Lee, M. Y., “Gate-Oxide Integrity in Metal-
Oxide-Semiconductor Structures with Ti-Polycide Gates for ULSI Applications”, Thin
Solid Films, Vol. 326, 56, 1998.

29. Hokari, Y., “Oxide Breakdown Wearout Limitation on Thermally Grown Thin Gate
Oxide”, Digest of Technical Papers, VLSI Symposium, 41, 1988.

30. Hokari, Y., “Stress Voltage Polarity Dependence of Thermally Grown Thin Gate Oxide
Wearout”, IEEE Transactions on Electron Devices, Vol. 35, 1299, 1988,

31. Gao X., and Yee, S. S.,” Effect of Anode Material on High-Field-Induced Hole
Current in SiO, Layer of Metal-Oxide-Semiconductor Field-Effect Transistor”, IEEE

Transactions on Electron Devices, Vol. 41, 1819, 1994,

32. Klein, N., “The Mechanism of Self-Healing Electrical Breakdown in MOS Structures”,
IEEE Transactions on Electron Devices, Vol. 13, 788, 1966.

33. Klein, N., “Switching and Breakdown in Films”, Thin Solid Films, Vol. 7, 149, 197].
34. O’Dwyer, J. I., “The theory of electrical conduction and breakdown in solid
dielectrics” Clarendon Press, Oxford, England, 1973.

35. Shatzkes, M., Av-Ron, M., and Anderson, R. M., “On the Nature of Conduction and
Switching in SiO,”, Journal of Applied Physics, Vol. 45, 2065, 1974.

36. DiStefano T. H., and Shatzkes, M., “Dielectric Instability and Breakdown in Wide
Bandgap Insulators”, Journal of Vacuum Science and Technology, Vol. 12, 37, 1975.
37. Solomon P. and Klein, N., “Impact Ionization in Silicon Dioxide at Fields in the
Breakdown Range”, Solid State Communications, Vol. 17, 1397, 1975.

38. Solomon, P., “Breakdown in Silicon Oxide - a Review”, Journal of Vacuum Science
and Technology, Vol. 14, 1122, 1977.

39. Shatzkes, M. and Av-Ron, M., “Determination of Breakdown Rates and Defect
Densities in SiO,”, Thin Solid Films, Vol. 91, 217, 1982.

40. Johnson, W. C., “Mechanisms of Charge Buildup in MOS Insulators”, IEEE
Transactions on Nuclear Science, Vol. 22, 2144, 1975.

41. Farmer, K. R., Rogers, C. T., and Buhrman, R. A, “Localized-State Interactions in
Metal-Oxide-Semiconductor Tunnel Diodes”, Physical Review Letters, Vol. 58, 2255,
1987.

42. Neri, B., Olivo, P, and Ricco, B., “Low-Frequency Noise in Silicon-Gate Metal-
Oxide-Silicon Capacitors before Oxide Breakdown”, Applied Physics Letters, Vol. 51,
2167, 1987.

43, Farmer, K. R,, Saletti, R., and Buhrman, R. A., “Current Fluctuations and Silicon
Oxide Wearout in Metal-Oxide-Semiconductor Tunnel Diodes”, Applied Physics Letters,
Vol. 52, 1749, 1988.

44, Uraoka, Y., Yoshikawa, H.,Tsutsu, N., and Akiyama, S., “Evaluation Technique of
Gate Oxide Reliability with Electrical and Optical Measurements”, Proceedings of the
IEEE ICMTS, Vol. 2, 97, 1989.

45. Depas, M., Nigam, T., and Heyns, M. M., ““Soft Breakdown of Ultra-Thin Gate
Oxide Layers”, IEEE Transactions on Electron Devices, Vol. 43, 1499, 1996.

46. Jackson, J. C., Robinson, T., Oralkan, O., Dumin, D. J., and Brown, G. A.,
“Nonuniqueness of Time-Dependent-Dielectric-Breakdown Distributions”, Applied
Physics Letters, Vol. 71, 3682, 1997.

47. Sune, J., Farres E., and Aymerich, X., “After-Breakdown Conduction Through
Ultrathin SiO, Films in Metal/Insulator/Semiconductor Structures”, Thin Solid Films, Vol.

196, 11, 1991.
48. Lee, S.-H., Cho, B.-J., Kim, J.-C., and Choi, S.-H., “Quasi-Breakdown of Ultrathin



DUMIN ON OXIDE RELIABILITY 19

Gate Oxide under High Field Stress”, IEEE IEDM Technical Digrst, 605, 1994,

49. Halimaoui, A., Briere, O., and Ghibaudo, G., “Quasi-Breakdown in Ultrathin Gate
Dielectrics”, Microelectronic Engineering, Vol. 36, 157, 1997.

50. Lombardo, S., Crupi, F., La Magna, A., Spinella, C., Terrasi, A., La Mantia, A., and
Neri, B., “Electrical and Thermal Transient during Dielectric Breakdown of Thin Oxides in
Metal-SiO,-Silicon Capacitors”, Journal of Applied Physics, Vol. 84, 472, 1998.

51. Tomita, T., Utsunomiya, H., Sakura, T., Kamakura, Y., Kamakura, Y., and
Taniguchi, K., “A New Soft Breakdown Model for Thin thermal SiO, Films under

Constant Current Stress”, IEEE Transactions on Electron Devices, Vol. 46, 159, 1999.
52. DiStefano T. H., and Shatzkes, M., “Impact Ionization Model for Dielectric Instability
and Breakdown”, Applied Physics Letters, Vol. 25, 1974.

53. DiStefano T. H., and Shatzkes, M., “Dielectric Instability and Breakdown in Wide
Bandgap Insulators”, Journal of Vacuum Science and Technology, Vol. 12, 37, 1975.

54. Solomon P. and Klein, N., “Impact Ionization in Silicon Dioxide at Fields in the
Breakdown Range”, Solid State Communications, Vol. 17, 1397, 1975.

55. Armold, D., Cartier, E., and DiMaria, D. J., “Theory of High-Field Electric Transport
and Impact Ionization in Silicon Dioxide”, Physical Review B, Vol. 49, 10278, 1994,

56. Harari, E., “Conduction and Trapping of Electrons in Highly Stressed Ultrathin Films
of Thermal SiO;”, Applied Physics Letters, Vol. 30, 601, 1977.

57. Harari, E., “Dielectric Breakdown in Electrically Stressed Thin Films of Thermal
Si0,”, Journal of Applied Physics, Vol. 49, 2478, 1978.

58. Sune, J., Placencia, 1., Barnoil, N., Farres, E., and Aymerich, X., “Degradation and
Breakdown of Gate Oxides in VLSI Devices”, physica stati solidi, Vol. 111, 675, 1989,
59. Sune, J., Placencia, 1., Barnoil, N., Farres, E., Martin F., and Aymerich, X., “On the
Breakdown Statistics of Very Thin SiO, Films”, Thin Solid Films, Vol. 185, 347, 1990.

60. Dumin, D. J., Maddux, J. R, Scott, R. S., and Subramoniam, R., “A Model Relating
Wearout to Breakdown in Thin Oxides”, IEEE Transactions on Electron Devices, Vol. 41,
1570, 1994,

61. Dumin, D. J., Mopuri, S., Vanchinathan, S., Scott, R. S., Subramoniam, R. and
Lewis, T. G., “High Field Related Thin Oxide Wearout and Breakdown”, [EEE
Transactions on Electron Devices, Vol. 42, 760, 1995.

62. Degraeve, R., Groeseneken, G., Bellens, R., Depas, M., and Maes, H. E., “A
Consistent Model for the Thickness Dependence of Intrinsic Breakdown in Ultra-Thin
Oxides”, IEEE IEDM Technical Digest, 863, 1995.

63. Johnson, W. C., “Mechanisms of Charge Buildup in MOS Insulators”, IEEE
Transactions on Nuclear Science, Vol. 22, 2144, 1975.

64. Goudswaard B., and Driesens, F. J. J., “Failure Mechanism of Solid Tantalum
Capacitors”, Electro-Component Science and Technology, Vol. 3, 171, 1976.

65. Dubey, G. C., “*Some Observations on Dielectric Breakdown in Insulating Films”,
Thin Solid Films, Vol. 78, 263, 1981.

66. Yamabe, K., Taniguchi, K., and Matsushita, Y., “Thickness Dependence of Dielectric
Breakdown Failure of Thermal Si02 Films”, Proceedings of the IEEE IRPS, Vol. 21, 184,
1983,

67. Wolters D. R., and Van Der Schoot, J. J., “Dielectric Breakdown in MOS Devices.
Pg%tSHI: The Damage Leading to Breakdown”, Philips Journal of Research, Vol. 40, 164,
1985.

68. Bhattacharyya, A., Reimer, J. D., and Ritz, K. N., “Breakdown Voltage
Characteristics of Thin Oxides and their Correlation to Defects in the Oxide as Observed by
the EBIC Technique”, IEEE Electron Device Letters, Vol. 7, 58, 1986.

69. Ludeke, R., Wen, H. J., and Cartier, E., “Stressing and High Field Transport Studies
on Device-Grade SiO, by Ballistic Electron Emission Spectroscopy”, Journal of Vacuum



20 GATE DIELECTRIC INTEGRITY

Science and Technology B, Vol. 14, 2855, 1996.

70. Cartier, E., Tsang, J. C., Fischetti, M. V,, and Buchanan, D. A., “Light Emission
During Direct and Fowler-Nordheim Tunneling in Ultra Thin MOS Tunnel Junctions™.
Microelectronic Engineering, Vol. 36, 103, 1997.

71. Scott, R. S. and Dumin, D. J., “The Transient Nature of Excess Low-Level Leakage
Currents in Thin Oxides”, Journal of the Electrochemical Society, Vol. 142, 586, 1995,
72. Scott, R. S. and Dumin, D. J., “The Charging and Discharging of High-Voltage
Stress-Generated Traps in Thin Silicon Oxide”, IEEE Transactions on Electron Devices,
Vol. 43, 130, 1996.

73. Scott, R. S., Dumin, N. A., Hughes, T. W., Dumin, D. J., and Moore, B. T.,
“Properties of High-Voltage Stress Generated Traps in Thin Silicon Oxide”, IEEE
Transactions on Electron Devices, Vol. 43, 1133, 1996.

74. Berglund, C. N., “Surface States at Steam-Grown Silicon-Silicon Dioxide Interface”,
IEEE Transactions on Electron Devices, Vol. 13, 701, 1966.

75. Liang, M.-S., Chang, C., Yeow, Y. T., Hu, C., and Brodersen, R. W., “MOSFET
Degradation Due to Stressing of Thin Oxide”, IEEE Transactions on Electron Devices, Vol.
31, 1238, 1984,

76. DiMaria, D. J. and Stasiak, J. H., “Trap Creation in Silicon Dioxide Produced by Hot
Electrons”, Journal of Applied Physics, Vol. 65, 2342, 1989.

77. Dumin, D. J., Dickerson, K. J., and Brown, G. A., “Extrapolation of High-Voltage
Stress Measurements to Low-Voltage Operation for Thin Silicon-Oxide Films”, IEEE
Transactions on Reliability, Vol. 40, 102, 1991.

78. Kimura M.and Ohmi, T. “Time-Dependent Dielectric Degradation (TDDB) Influenced
by Ultrathin Film Oxidation Process”, Japanese Journal of Applied Physics, Vol. 35, 1478.
1996.

79. Helms C. R. and Poindexter, E. H., “The Silicon-Silicon-Dioxide System: its
Microstructure and Imperfections”, Reports on the Progress in Physics, Vol. 57, 791,
1994.

80. Manzini S. and Modelli, A., “Tunneling Discharge of Trapped Holes in Silicon
Dioxide”, in Insulating films on semiconductors, edited by Verweij, J. F,, and Wolters. D.
R., Elsevier Science Publishers, North Holland, 1983, p. 112.

81. Benedetto, J. M., Boesch, Jr., McLean, F. B., and Mize, J. P. “Hole Removal in Thin
MOSFETs by Tunneling”, IEEE Transactions on Nuclear Science, Vol. 32, 3917, 1985.
82. Oldham, T. R., Lelis, A. J., and McLean, F. B., “Spatial Dependence of Trapped
Holes Determined from Tunneling Analysis and Measured Annealing”, IEEE Transactions
on Nuclear Science, Vol. 33, 1203, 1986.

83. Boesch, Jr, H. E., McLean, F. B., Benedetto, J. M., McGarrity, J. M., and Bailey.
W. E., “Saturation of Threshold Voltage Shift in MOSFET"s at High Total Dose”. I[EEE
Transactions on Nuclear Science, Vol. 33, 1191, 1986.

84. Dumin, D. J. and Maddux, J. R., “Correlation of Stress-Induced Leakage Current in
Thin Oxides with Trap Generation inside the Oxides”, IEEE Transactions on Electron
Devices, Vol. 40, 986, 1993.

85. DiMaria, D. J., Buchanan, D. A., Stathis, J. H., and Stahlbush, R. E., “Interface
States Induced by the Presence of Trapped Holes near the Silicon-Silicon-Dioxide
Interface”, Journal of Applied Physics, Vol. 77, 2032, 1995.

86. Gladstone, IV, S. M. and Dumin, D. J., “Thickness Dependence of Thin Oxide
Wearout”, Solid-State Electronics, Vol. 42, 317, 1998.

87. Nicollian E. H. and Brews, I. R., “MOS (Metal Oxide )semiconductor) Physics and
Technology”, John Wiley & Sons, New York, 1982.

88. Qian, D. and Dumin, D. J., “A Comprehensive Physical Model of Oxide Wearout and
Breakdown Involving Trap Generation, Charging and Discharging”, IEEE International
Integrated Reljability Workshop Final Report, 55, 1998.

89. DiMaria, D. J., Cartier, E., and Amold, D., “Impact Ionization, Trap Creation,
Degradation, and Breakdown in Silicon Dioxide Films on Silicon.” Journal of Applied



DUMIN ON OXIDE RELIABILITY 21

Physics, Vol. 73, 3367, 1993.

90. Scott, Jr., R. S. and Dumin, D. J., “Voltage, Fluence and Polarity Dependence of Trap
Generation inside of Thin Silicon Oxide Films”, Proceedings of the Materials Research
Society Symposium on Amorphous Insulating Thin Films 284, Edited by Kanicki, J.,
Warren, W. L., Devine, R. A. B., and Matsumura, M., 293, 1992.

91. Scott, R. S., Subramoniam, R., and Dumin, D. J., “Voltage and Fluence Dependence
of Stress-Generated Traps Inside Thin Silicon Oxide”, Journal of the Electrochemical
Society, Vol. 142, 1995.

92. Schlund, B., Suehle, J. S., Messick, C., and Chaparala, P., “A New Physics-Based
Model for Time-Dependent-Dielectric-Breakdown”, Proceedings of the IEEE IRPS, Vol.
34, 84, 1996.

93. Kimura, M., “Oxide Breakdown Mechanism and Quantum Physical Chemistry for
Time-Dependent Dielectric Breakdown”, Proceedings of the IEEE IRPS, Vol. 35, 190,
1997.

94. McPherson, J. W., Reddy, V. K., and Mogul, H. C., “Field-Enhanced Si-Si Bond-
Breakage Mechanism for Time-Dependent Dielectric Breakdown in Si02 Dielectrics”,

Applied Physics Letters, Vol. 71, 1997.
95. McPherson, J. W. and Mogul, H. C., “Impact of Mixing of Disturbed Bonding States
on Time-Dependent Dielectric Breakdown in SiO, Thin Films”, Applied Physics Letters,

Vol. 71, 3721, 1997.
96. McPherson, J. W. and Mogul, H. C., “Distutbed Bonding States in SOy Thin-Films

and Their Impact on Time-Dependent Dielectric Breakdown”, Proceedings of the IEEE
IRPS, Vol. 36, 47, 1998.

97. McPherson. J. W. and Mogul, H. C., “Underlying Physics of the Thermochemical E
Model in Describing Low-Field Time-Dependent Dielectric Breakdown in SiO5 Thin

Films”, Journal of Applied Physics, Vol. 84, 1513, 1998.

98. Shiono, N. and Itsumi, M., “A Lifetime Projection Method Using Series Model and
Acceleration Factors for TDDB Failures of Thin Gate Oxides”, Proceedings of the IEEE
IRPS, Vol. 31, 1, 1993.

99. Suehle, J. S., Chaparala, P., Messick, C., Milier, W. M., and Boyko, K. C., “Field
and Temperature Acceleration of Time-Dependent Dielectric Breakdown in Intrinsic Thin
SiO,’, Proceedings of the IEEE IRPS, Vol. 32, 120, 1994.

100. McPherson, J. W., Private Communication.

101. Kimura, M., “Field and Temperature Acceleration Model for Time-Dependent
Dielectric Breakdown”, [EEE Transactions on Electron Devices, Vol. 46, 220, 1999.
102. Wu, E. Y., Abadeer, W. W., Han, L.-K,, Lo, S.-H., and Hueckel, G. R,
“Challenges for Accurate Reliability Projections in the Ultra-Thin Oxide Regime”,
Proceedings of the IEEE IRPS, Vol. 37, 57, 1999,

103. Maserjian, J. and Zamani, N., “Behavior of the Si/SiO, Interface Observed by

Fowler-Nordheim Tunneling”, Journal of Applied Physics, Vol. 53, 559, 1982.
104. Maserjian, J. and Zamani, N., “Observation of Positively Charged State Generation
Near the Si/SiO Interface during Fowler-Nordheim Tunneling”, Journal of Vacuum

Science and Technology, Vol. 20, 743, 1982.

105. Kimura, M. and Koyama, H., “Stress-Induced Low-Level Leakage Mechanism in

Ultrathin Silicon Dioxide Films Caused by Neutral Oxide Trap Generation”, Proceedings

of the IEEE IRPS, Vol. 32, 167, 1994.

106. Naruke, K., Taguchi, S., and Wada, M., “Stress Induced Leakage Current Limiting

tlo Scale Down EEPROM Tunnel Oxide Thickness”, IEEE IEDM Technical Digest, 424,
988.

107. Okada, K., Kawasaki, S., and Hirofuji, Y., “New Experimental Findings on Stress

Induced Leakage Current of Ultra Thin Silicon Dioxides”, Extended Abstracts of the 1994



22 GATE DIELECTRIC INTEGRITY

International Conference on Solid State Devices and Materials, 565, 1994.

108. Okada, K., “Extended Time Dependent Dielectric Breakdown Model Based on
Anomalous Gate Area Dependence of Lifetime in Ultra Thin Silicon Dioxides”, Japanese
Journal of Applied Physics, Vol. 36, 1443, 1996.

109. Kimura, M. and Ohmi, T., “Conduction Mechanism and Origin of Stress-Induced
Leakage Current in Thin Silicon Dioxide Films”, Journal of Applied Physics, Vol. 80,
6360, 1996.

110. Satoh, S., Hemink, G. J., Hatakeyama, K., and Aritome, S., “Stress Induced
Leakage Current of Tunnel Oxide Derived from FLASH Memory Read-Disturb
Characteristics”, IEEE IEDM Technical Digest, Vol. 8, 97, 1995.

111. Gladstone IV, S. M., Scott, R. S., Runnion, E. F,, Hughes, T. W.,, Dumin, D. .,
Mitros, J. C., and Lie, L., “Thickness Dependence of Low-Level Leakages in Thin
Oxides”, Proceedings of the IEEE IPFA, Vol. 5, 121, 1995.

112. Runnion, E. F., Gladstone, IV, S. M., Scott, R. S., Dumin, D. J,, Lie, L., and
Mitros, ., “Limitations on Oxide Thickness in FLASH EEPROM Applications”,
Proceedings of the IEEE IRPS, Vol. 34, 93, 1996.

113. Sakakibara, K., Ajika, N., Hatanaka, M., and Miyoshi, H., “A Quantitative Analysis
of Stress Induced Excess Current (SIEC) in SiO5 Films”, Proceedings of the IEEE IRPS,

Yol. 34, 100, 1996.
114. De Blauwe, J., Van Houdt, J., Wellekens, D., Degraeve, R., Roussel, P.,
Haspeslagh, L., Deferm, L., Groeseneken, G., and Maes, H. E., “A New Quantitative

Model to Predict SILC-Related Disturb Characteristics in Flash EZPROM Devices”, IEEE
IEDM Technical Digest, 343, 1996.

115. Takagi, S., Yasuda, N., and Toriumi, A., “Experimental Evidence of Inelastic
Tunneling and New I-V Model for Stress-Induced Leakage Current”, JEEE IEDM
Technical Digest, 323, 1996.

116. Rosenbaum, E. and Register, L. F., “Mechanism of Stress-Induced Leakage Current
in MOS Capacitors”, IEEE Transactions on Electron Devices, Vol. 44, 317, 1997.

117. Sakakibara, K., Ajika, N., Hatanaka, M., Miyoshi, H., and Yasuoka, A.,
“Identification of Stress-Induced Leakage Current Components and the Corresponding
Trap Models in 8SiO Films”, IEEE Transactions on Electron Devices, Vol. 44, 986, 1997.

118. Runnion, E. F,, Gladstone, IV, S. M., Scott, Jr. R. S., Dumin, D. J., Lie, L., and
Mitros, J. C., “Thickness Dependence of Stress-Induced Leakage Currents in Silicon
Oxide”, IEEE Transactions on Electron Devices, Vol. 44, 993, 1997.

119. Sakakibara, K., Ajika, N., Eikyu, K., Ishikawa, K., and Miyoshi, H., “A
Quantitative Analysis of Time-Decay Reproducible Stress-Induced Leakage Current in
SiO; Films”, IEEE Transactions on Electron Devices, Vol. 44, 1002, 1997.

120. Hughes H. L. and Giroux, R. R., “Space Radiation Affects MOS FET’s”,
Electronics, 58, 1964.

121. Szedon, J. R. and Sandor, J. E., “The Effect of Low-Energy Electron Irradiation of
Metal-Oxide-Semiconductor Structures”, Applied Physics Letters, Vol. 6, 181, 1965.

122. Zaininger, K. Z. “Electron Bombardment of MOS Capacitors”, Applied Physics
Letters, Vol. 8, 140, 1966.

123. Grove, A. S. and Snow, E. H., “A Model for Radiation Damage in Metal-Oxide-
Semiconductor Structures”, Proceedings of the IEEE, Vol. 4, 894, 1966.

124. Collins, D. R. and Sah, C. T., “Effects of X-Ray Irradiation on the Characteristics of
Metal-Oxide-Silicon Structures”, Applied Physics Letters, Vol. 8, 124, 1966.

125. Dozier, C. M., “Ionizing Radiation in Microelectronics Processing”, Solid State
Technology, 105, October, 1986.

126. Kalnitsky, A., Ellul, J. P, Poindexter, E. H., Caplan, P. J., Lux, R. A., and
Boothroyd, A. R., “Rechargeable E’ Centers in Silicon-Implanted SiO, Films”, Journal of

Applied Physics, Vol. 67, 7359, 1990.



DUMIN ON OXIDE RELIABILITY 23

127. ASTM Standard F-1771-97, “Test Method for Evaluating Gate Oxide Integrity by
Voltage Ramp Technique”.

128. Depas, M., Degraeve, R., Nigam, T., Groeseneken, G., and Heyns, M., “Reliability
of Ultra-Thin Gate Oxide Below 3 nm in the Direct Tunneling Regime”, Japanese Journal
of Applied Physics, Vol. 36, 1602, 1997.

129. Depas, M., Nigam, T., and Heyns, M. M., “Definition of Dielectric Breakdown for
Ultra Thin (< 2nm) Gate Oxides”, Solid-State Electronics, Vol. 41, 725, 1997,

130. Weir, B. E., Silverman, P. J., Monroe, D., Krisch, K. S., Alam, M. A,, Alers, G.
B., Sorsch, T. W., Timp, B. L., Baumann, F, Liu, C. T., Ma, Y., and Hwang, D.,
“Ultra-Thin Gate Dielectrics: They Break Down, But Do They Fail?”, IEEE IEDM
Technical Digest, 713, 1997.

131. Alers, G. B., Weir, B. E,, Alam, M. A, Timp, G. L., and Sorch, T., “Trap Assisted
Tunneling as a Mechanism of Degradation and Noise in 2-5 nm Oxides”.Proceedings of
the IEEE IRPS, Vol. 36, 76, 1998.

132. Jackson, J. C., Robinson, T., Oralkan, O., Dumin, D. J., and Brown, G. A.,
“Differentiating Between Electric Breakdowns and Dielectric Breakdown in Thin Silicon
Oxides”, Journal of the Electrochemical Society, Vol. 145, 1033, 1998.

133. Shatzkes, M. and Av-Ron, M., “Fundamental Breakdown Mechanism in SiO, and

Proper Reliability Projection”, IEEE IRPS Tutorial 6, 1992.

134. Dunn, C., Kaya, C., Lewis, T., Strauss, T., Schreck, J., Hefley, P., Middendorf,
M., and San, T., “Flash EPROM Disturb Mechanisms”, Proceedings of the IEEE IRPS,
Vol. 32, 299, 1994,

135. Sakura, T., Utsunomiya, H., Kamakura, Y., and Taniguchi, K., “A Detailed Study of
Sort- and Pre-Soft-Breakdowns in Small Geometry MOS Structures”, IEEE IEDM
Technical Digest, 183, 1998.

136. Mielke, N., “Flash Memory Reliability”, IEEE IRPS Tutorial 8, 1999.



Thin Gate Dielectrics



John S. Suehle!

Ultra-Thin Film Dielectric Reliability Characterization

Reference: Suehle, J. S., “Ultra-Thin Film Dielectric Reliability Characterization,”
Gate Dielectric Integrity: Material, Process, and Tool Qualification, ASTM STP 1382, D.
C. Gupta and G. A. Brown, Eds., American Society for Testing and Materials, West
Conshohocken, PA, 2000.

Abstract: The reliability of gate oxides is becoming a critical concern as oxide thickness
is scaled below 4 nm in future technology. The breakdown detection algorithms in
traditional reliability characterization techniques must be modified for sub-4 nm thick
Si0; films that exhibit excessive tunneling currents and soft breakdown. It becomes
essential to fully understand the physical mechanism(s) responsible for gate oxide wear-
out and breakdown if reliability projections are based on the results of highly accelerated
wafer-level GOI tests. Issues relating to the reliability testing of ultra-thin oxides are
discussed with examples.

Keywords: silicon oxide, reliability, accelerated stress tests, gate oxide integrity,
dielectric breakdown

INTRODUCTION

Continued scaling of gate dielectric thickness for advanced CMOS technologies raises
serious reliability concerns for ultra-thin oxides. Excessive leakage current and soft
breakdown exhibited by ultra-thin dielectrics present new challenges for reliability
characterization.

Device breakdown detection becomes very difficult as oxides become thinner due to
soft or quasi-breakdown modes. The failure criteria used in traditional reliability tests
must be modified to allow for dependable and robust detection of breakdown. This paper
discusses the difficulty in obtaining reliability parameters for ultra-thin SiO; films.

Specifically, Section II discusses corrections necessary for estimating the oxide
electric field in ultra-thin films. Section III presents examples of soft breakdown in
several common breakdown tests and discusses new breakdown detection algorithms.
The validity of a common metric in reliability characterization, charge-to-breakdown, is
discussed in Section IV.
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Section V discusses reliability projections based on the results of highly accelerated
breakdown tests. Finally, conclusions are given in Section VI.

DETERMINATION OF BREAKDOWN ELECTRIC FIELD

Determining the correct oxide electric field can be difficult for ultra-thin films due to
excessive leakage current, gate electrode depletion and quantum effects.

A dominant feature of ultra-thin dielectrics is the presence of excessive leakage
current at lower electric fields. This leakage is due to quantum mechanical “direct”
tunneling and can become significant and be in excess of several A/cm” near device
breakdown [1]. Figure 1 shows the tunneling current characteristics for a 3 nm, 5 nm, and
10 nm thick SiO; film. Note that the low-field direct-tunneling current is substantial for
the 3 nm thick oxide.
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Figure 1- Tunneling current versus voltage characteristics for a 3 nm, 5 nm, and
10 nm thick SiQ; film. Note the substantial leakage current exhibited by
the 3 nm film due to direct tunneling.

Special care should be exercised when designing oxide test structures to reduce series
resistance effects. The voltage drop across interconnects and gate electrodes due to
excessive tunneling currents can be significant leading to an underestimation of gate
electric field. Voltage drops can become large enough that the device breakdown voltage
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is not achieved during the breakdown test. This is a particular concern for large-area test
structures that can conduct significant levels of current before breakdown.

Other factors that can lead to incorrect estimates of oxide electric field include gate
electrode depletion and quantum mechanical effects. The voltage applied across the gate
can be divided into three components: the voltage drop across the gate-electrode
depletion region, the gate oxide, and the quantum confinement region near the Si-SiO;
interface. There is a variety of software codes and procedures available to estimate the
oxide electric field when the above effects are significant and have been shown to yield
similar results [2-4].

BREAKDOWN DETECTION IN GATE OXIDE INTEGRITY TESTS

Perhaps, the largest difficulty in conducting breakdown tests on ultra-thin oxides is the
detection of the breakdown event. This event is usually described as a sudden decrease in
voltage in the case of a constant-current test or a sudden increase in current in the case of
a constant-voltage test. “Soft” or “quasi” breakdown modes are frequently observed
when testing oxides thinner than 5 nm. This is illustrated in Fig. 2 which shows the
voltage versus time characteristics for a 3, 10, and 20 nm oxide subjected to the Joint
Electron Device Engineering Council (JEDEC) bounded current ramp test. Note that
there are sudden and abrupt decreases in the gate voltage for the 10 nm and 20 nm thick
films. However, the 3 nm thick film exhibits only a slight decrease in voltage. It is not
clear where the actual breakdown occurred.
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Figure 2- Voltage versus time characteristics for a 3 nm, 10 nm, and 20 nm thick
oxide subjected to a bounded-current ramp test. The current is ramped
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and held at 0.25 A/cm’. Breakdown is easily detected in the 10 nm and 20
nm thick films. The 3 nm thick film shows only a slight decrease in voltage
making breakdown detection difficult. The device areais 5 x 107 cn’.

Similar soft breakdown behavior is observed in constant-voltage tests illustrated in
Fig. 3. The figure shows current versus time characteristics for a 3, 5, and 10 nm thick
oxide subjected to a constant electric field of 13 MV/cm. The sudden increase in current
is clearly observed for the 10 nm thick sample. However, breakdown is observed as a
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Figure 3- Current versus time characteristics for a 3 nm, 5 nm, and 10 nm thick
oxide subjected to a constant electric field of 13 MV/cm. Device
breakdown exhibited by a sharp increase in current is clearly observed for
the 10 nm thick sample. The 5 nm and 3 nm thick samples only show a
series of small steps in current. The device area is 5 x 107 cm’.

series of small steps in current for the thinner films. JEDEC and American Society for
Testing and Materials (ASTM) recently modified the voltage ramp test to utilize a change
in slope as the breakdown criterion [5]. Earlier versions used an absolute current change
or percent current change as the breakdown criterion. The ramp test is illustrated in Fig. 4
for three different oxide thicknesses. Breakdown is clearly observed for the 5 nm and 10
nm thick samples and can easily be detected by existing breakdown criteria. Note that
breakdown is not evident in the 3 nm thick sample.
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Figure 5 shows the slope ratio (AI(n) /AV(n))/(Al(n-1) /AV(n-1)) versus ramp voltage for
the 3 nm sample. Note that a 3X increase in slope would be adequate to detect breakdown
in this case.
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Figure 4- Current versus voltage characteristics for a 3 nm, 5 nm, and 10 nm
thick oxide subjected to the JEDEC/ASTM ramped voltage breakdown
test. Breakdown in the 3 nm sample cannot be observed and requires a
new criterion for detection.

The process of evaluating the reliability of ultra-thin oxides on large area test
structures is a particular concern, The structures can conduct significant current levels
approaching the capabilities of the test system before failure. Breakdown detection can be
difficult in this case since the difference between the current at breakdown and the
tunneling current can be very difficult to detect. This is illustrated in Fig.6 which shows a
figure identical to Fig.5, but the device has a larger area of 1 x 107 cm®. In this case a 3X
change in slope is not adequate to detect breakdown. Even if the change in slope ratio is
reduced it is not clear where breakdown occurred.
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Figure 5- Slope change ratio versus ramp voltage for a 3 nm thick oxide. Note

that a 3X change in the slope would be adequate to detect breakdown. The
device area is 5 x 107 cm’.
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Figure 6- Slope change ratio versus ramp voltage for a 3 nm thick oxide similar to
Fig.5. In this case the device area is 1 x 10 cm’. Note that a 3X change in
the slope never occurs during the test.
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Figure 7 illustrates the effect a larger device area has on detecting failure during a
bounded-current ramp test. The test is the JEDEC standard current-ramp test with a
holding current of 0.25 A/cm. The bottom figure shows the voltage versus time
characteristic for a 3 nm oxide with a 5 x 10™ cm? area. Note that breakdown can be
detected by the JEDEC failure criterion of 10% to 15% decrease in voltage.
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Figure 7- Voltage versus time characteristic for the JEDEC J-RAMP test
performed on a 3 nm oxide having an area of 1 x 107 cm® (T. op) and an
area of 5 x 10 cm’ (Bottom). Breakdown is detected when the voltage
across the oxide drops by 15%. Note that there is no voltage drop for the
larger area device shown in the top figure.

The top figure depicts the same oxide with an area of 1 x 10 cm®. Note that there
does not appear to be an abrupt drop voltage during the test. “Soft” or “quasi” breakdown
has been explained as charge trapping and de-trapping in a physically damaged region
near the Si-SiO; interface [6] or multiple tunneling paths caused by electron traps [7].
Another explanation is that the energy stored on the gate of an ultra-thin oxide (CV?) is
not large enough to cause a thermal destructive breakdown [8).
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Recent studies have shown that soft breakdown is usually accompanied by current or
voltage noise [9,10]. In fact, oxides thinner than 2.6 nm only exhibit noise when
breakdown occurs [10]. Post-breakdown noise can increase by 5 orders of magnitude
while pre and post current-voltage characteristics are nearly identical [11]. The
monitoring of voltage or current noise to detect breakdown has been suggested as a new
breakdown criterion in reliability tests [11,12]. This technique has been shown to be
easily implemented in an automated testing environment [12]. Such a technique could
possibly be used to detect breakdown in the examples shown in Figs. 6 and 7b.

It has been shown that soft breakdown in ultra-thin gate oxides does not immediately
cause device failure (an increase in a metal-oxide-semiconductor field-effect transistor,
MOSFET, offstate current) and is dependent on channel length and width [13].

THE VALIDITY OF CHARGE-TO-BREAKDOWN

Charge-to-breakdown (Qyq) is one of the most common metrics used to monitor the
integrity and reliability of thin-gate oxides. Qpq can be obtained from any constant or
ramped voltage/current breakdown test by integrating the current flowing through the
dielectric until it fails. This procedure is illustrated in Fig. 8.

it

+ Ip
@ Osp = Ii(t)dt
— - 0

Figure 8- Schematic of oxide breakdown test illustrating the calculation of
charge-to-breakdown.

Larger values of Qpq are assumed to indicate more reliable and higher integrity
dielectrics. Special care must be used when interpreting this value for ultra-thin
dielectrics. It has been reported that Qs exhibits a dependence on stress current density
[14,15]. This dependence on current density is observed to become greater as the oxide
thickness is decreased [16]. Figure 9 shows that the value of Qg becomes smaller for
thinner oxides when the stress current density is large (the right side region of the plot).
However, this trend is the opposite for smaller stress current densities (the left side region
of the plot). The value of Qpais independent of oxide thickness for moderate current
densities (the center of the plot).
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Figure 9- Data from ref. 16 illustrating the increasing dependence of Qg On stress
current density as oxide thickness is decreased.

It has been observed that the value of Quq exhibits a dependence on test structure area.
Qua decreases as the gate area increases. This dependence results from the localization of
the breakdown spot and the statistical distribution of the location of this spot over the
oxide gate area. Larger gate areas have a greater probability of including a breakdown
spot. It has been recently reported that this dependence becomes greater as the gate oxide
thickness is reduced [17]. This behavior is shown in Fig 10. Note that the value of Quq
can vary up to three orders of magnitude depending on the test structure area for the 4.3
nm thick sample.

The variation of Quq with area is much less for the thicker films. The slope of the lines
plotted in Fig. 10 is directly related to the dispersion of the failure distribution (or the
shape parameter beta in a Weibull plot). Thinner oxides are reported to exhibit a larger
beta in their Weibull distributions resulting in a larger variation with area [17, 18].

RELIABILITY EVALUATION

The primary motivation for performing accelerated breakdown tests is to monitor gate
oxide integrity and quality and to ultimately obtain information that can be used to
estimate product reliability in the field. Short-duration constant-current or voltage tests
are usually used to obtain acceleration parameters to extrapolate oxide life under use
conditions. Recent studies have questioned the use of constant current tests to evaluate
ultra-thin oxides. Wu et al. [13] have shown that Quq or Tyq increases with decreasing
oxide thickness under constant-current conditions and that the opposite trend occurs
under constant-voltage conditions. It has been explained that a lower voltage is required
to sustain the same current density in ultra-thin oxides due to the thickness dependence of
direct tunneling currents.



36 GATE DIELECTRIC INTEGRITY

100
o — t,=11nm
- ————_e
u -~ ————
~ - __ e
10 >~ ~— tox =6.3nm
8 ~ ~
E e~
5 LN ~v
o
S ~
~
© =
éﬂ \\t“=4.3 nm
0.1 S
]
0.0 " r r
1e-6 1e-5 1e-4 1e-3 1e-2 1e-1
Gate Area (cm?)

Figure 10- Data reported in ref. 17 showing the area dependence of Qpa for three
different oxide thicknesses. Note that the thinnest oxide exhibits the largest
variation of Qs with area.

This lower voltage results in a lower electric field or a lower electron energy leading
to a smaller defect generation rate. Nigam et al. [17] have also shown that constant
current stressing can lead to an incorrect reliability assessment for ultra-thin dielectrics.
Their example illustrates that using a constant-current stress (same current density) to
evaluate the reliability between two different processes indicated each process had a
similar charge-to-breakdown value. Constant-voltage tests revealed that there was a
significant difference between the charge-to-breakdown values, It is generally believed
that the results from accelerated constant-voltage tests are more accurate when assessing
the reliability of thin films since devices operate in this mode during normal use
conditions. Also, it has been shown that the log(Qpq) for ultra-thin dielectrics exhibits a
linear dependence on gate voltage [19]. This observation suggests an “E” model [20] for
breakdown, which predicts that the defect generation is electric field driven or related to
the energy of the tunneling electrons, depending on the assumed physical mechanism.

It has been demonstrated that long-term time-dependent dielectric breakdown (TDDB)
acceleration parameters can be extracted from any ramped voltage- or current-breakdown
test by assuming that oxide damage is cumulative and irreversible during the test and the
oxide electric field governs the defect generation [21]. Figure 11 illustrates the technique
for a constant current breakdown test performed on a 9 nm oxide. The voltage-versus-
time curve is recorded during the breakdown test. The curve can be divided into many
smaller stress intervals and each interval removes a small percentage of the total life of
the oxide as shown in the figure. The contributions from all of the intervals must add to
unity when the device breaks down. Two parameters are required to construct the log(tso)
vs. E curve used to extrapolate device life. These parameters are extracted from two
distinct voltage-versus-time curves.
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Figure 11- Voltage-versus-time curve obtained during an accelerated constant
current breakdown test for a 9 nm thick SiO: film. The figure illustrates
the voltage-time integration technique for extracting long-term
acceleration parameters from highly accelerated breakdown tests from
ref. 21.

The extracted log(tso) vs. E curve is shown with the actual curve determined from
long-term time-dependent dielectric breakdown tests shown in Fig. 12. The agreement is
excellent illustrating that the gate voltage or the oxide electric field governs the wear-out
and eventual breakdown of thin dielectrics in the 3 nm to 9 nm thickness range.

CONCLUSIONS

The characterization of oxide reliability and integrity becomes more challenging as
oxide thickness is scaled down. Soft breakdown modes dominate device failure and make
breakdown detection very difficult. Failure detection algorithms in accelerated
breakdown tests must be modified for ultra-thin dielectrics. Films thinner than 3 nm may
require current or voltage noise detection techniques to detect breakdown.

Special care must be exercised when using charge-to-breakdown as a measure of
device reliability. The value of Qu is a function of device area and current density. These
dependencies become stronger as the oxide thickness is scaled down.

Constant-voltage tests are preferred when characterizing wear-out and time-dependent
dielectric breakdown of ultra-thin dielectrics. This is due to the observation that defect
generation is proportional to the gate voltage, and constant voltage is a more realistic
stress condition.
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Figure 12- Extracted log(tsg) vs. E curve using the technique in ref. 21 and
compared to the actual curve obtained from time-dependent dielectric
breakdown measurements.

The log(twq) is observed to be linearly dependent on the oxide electric field, which is an
important consideration when extrapolating device lifetime at use electric fields from
accelerated stress conditions.
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Abstract: The advantages and challenges of a voltage step stress technique using time
dependent dielectric breakdown (TDDB) as the metric are discussed for oxides in the
range of 10 nm. A brief comparison is given between life stress and step stress results for
oxides on the order of 10 nm. Reference is made to a more complete comparison
between life stress and step stress as well as to some of the literature in which step stress
changed the outcome of the life stress. Some of the challenges for thinner oxides are
discussed, especially oxides of thickness less than 5 nm. An example of the step stress
analysis technique is discussed on a point-by-point basis.

Keywords: step stress, gate oxide, semiconductor, TDDB

Advantages

There are two main advantages to using a step stress technique. The first advantage is
a theoretical advantage. Step stressing offers the most complete and perfect sample
homogenization scheme possible. That is, all of the hardware from each process lot and
wafer are equally represented in all of the stress cells. Each stress cell is assumed to be
uniformly at a single set of conditions. Thus any lot or wafer dependence is equally
represented in each stress cell, so that conclusions are not influenced by wafer or lot
distribution inequalities in a given stress cell.
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The second advantage is a practical advantage. Step stressing requires fewer samples
for the same number of fails. The largest sample in a constant voltage stress would be in
the lowest voltage cell. The second lowest cell would have the next largest sample, etc.
In the step stress case, only the sample of the lowest condition cell is required since it will
be stepped to all of the higher voltages. This does require a somewhat longer time;
however, the lowest cell also requires the longest time step.

Additional Considerations

Although we have achieved excellent agreement between constant life stress and step
stress results [/], others have reported that in some cases, a low early constant stress, has
caused the following higher stress to predict a longer TDDB life than if only the higher
stress were used [2]. The two experiments were not identical and no attempt has been
made to understand the two sets of results. The difference may be in the details of the
voltage conditions used, the time on stress, or the oxide quality. In any case, the reader
needs to be aware of that body of work as well.

We have step stress experience only for relatively thick oxides of 10 nm and thicker.
The methodology must be verified again if the technique is to be considered for
significantly thinner oxides. For oxides thinner than 5 nm, Stressed Induced Leakage
Currents are of concern and this phenomenon must also be considered in the analysis.

Even for oxides of 10 nm and thicker, the data is more difficult to interpret than
simple life stress data. However, with care, it can be interpreted and the benefits
outweigh this disadvantage.

Experimental Results

A large sample of approximately 2000 chips were used in this experiment for a 13.5
nm oxide. A voltage screen of 5 volts was used to screen time-zero fails. The constant
life stress was done at 8.5 volts for about 3000 sec. The step stress conditions were as
follows: 6.5 volts for 1800 sec, 7.5 volts for 1200 sec, and 8.5 volts for 600 sec. The
results are shown in Figure 1. The step stress modeling has already been done and only
the modeled step stress data and the constant voltage data are plotted in Figure 1.
Excellent agreement is shown between the step stress and the constant stress especially
for the longer times. Larger sample sizes usually yield results that are easier to interpret.
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Step Stress Analysis Technique

A simulation will be used to provide an example to explain the analysis technique.
This simulation is based on typical distributions but does not represent any single set of
results and is meant only as an instruction vehicle.

The first step is to design the step stress voltages in such a way that there is reasonable
separation between failure distributions for of the voltage steps. The experimental design
will be checked during the analysis.

After the data is taken, plot cumulative fails versus time on a Weibull chart for each
voltage step. Assume that the beginning of each voltage step starts at “zero” time, so that
the plot at this point is no different than if a number of constant life stresses were done
and plotted.

Although in principle, this technique can be used either for the extrinsic or intrinsic
dielectric breakdown regions, it is most useful for the extrinsic region since large sample
sizes are required to accurately predict dielectric behavior in this region. If a large range
of voltages, or a long time is used, both the extrinsic region and a part of the intrinsic
region may emerge. Obviously in this case the regions must be separated and only one
region treated at a time.

Acceleration may be calculated using the model of choice. The example here assumes
an “E” model, for which T, =exp (r sE), where T__is time acceleration between two
conditions, r is the acceleration factor between those two conditions, and 4E is the electric
field difference between the two conditions.

The fails are shown in Figure 2 for all three cells. A sample size of 300, and a stress
time of 2000 seconds for the lower two cells was assumed. The fields during the stress
were assumed to be 4 MV/cm, 5.5 MV/cm, and 7 MV/cm. The decade in which the first
fails occur depends on the sample size and the time resolution of the measuring system.
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The curve fitting program should force the slopes of the lines for the different stresses
to be equal in the case of the “E” model. The part of the curve which is used to
determine the slope of the line is that portion for the longer stress times. In addition, the
lowest voltage curve typically has a limited number of fails so it does not necessarily
accurately reflect the slope. The fitted lines for the plots are shown in Figure 3.
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Again to emphasize the point, the line is fitted to the last 1 to 1.5 decades of the data.
T, is measured as the difference between each of the cumulative distribution function
(cdf) lines. Since they are parallel, it does not matter what value of cdf is used for the

calculation. The result is shown in Figure 4. The acceleration, T

acc?

is 403 in both cases.

The acceleration factor r is then calculated from r= {In(T, )}/ sE = {In(403)} /1.5= 4

acc:
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In most cases this completes the analysis of the step stress.

If the data is limited, with only a few early fails, and the early fail points are crucial
for the determination of the slope, then it may be necessary to iterate once to refine the

acceleration calculation.

In the case above, all points are incorrect by the total stress time of the previous stress
divided by the acceleration, ie 2000 sec / 403 =4.96 sec. For those points before 10 sec,
a5 sec time adder makes a large difference in the position of the point, and for those
points before 40 sec, it makes some difference. These corrections are shown in Figure 5.
If the slope of the lines were to change with these corrections, a new slope through the

points should be drawn and the calculations redone.
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Figure 5 — Step Stress Plotting Point Correction
Summary

The real advantages of step stressing include sample size minimization and
homogenization. With some care in the final data analysis, these advantages may be
realized. The technique must be verified for use on oxides below 5-10 nm.
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Abstract: In the proposed model, breaking of the oxide chemical bonds is assumed to
result from the combined effect of electric field and electron fluence in the oxide during
electrical stress. Collision between the injected electron and oxide atoms may excite the
bond to an unstable electronic state that can lead to the formation of a structural defect.
Electric field polarizes, and thus weakens the defect bonds causing bond breakdown. The
model describes charge—to-breakdown dependence on electric field, temperature and
oxide thickness. The difference in positive and negative gate bias charge-to-breakdown
data is attributed to the presence of the structural strained layer at the Si/SiO2 interface.
This approach is used for analysis of the effects of process induced charging stress on
transistor parameters. It is shown that leakage current may increase or decrease with
oxide thickness depending on the magnitude of the stress induced charging damage.

Keywords: charge-to-breakdown, trap generation, stress induced leakage current, plasma
damage, antenna transistors, thin oxide damage, oxide breakdown model

Introduction

Scaled devices require thinner gate oxides, and it is therefore important to
estimate how such scaling may affect oxide susceptibility to process-induced charging
stress. Changes in the oxide electrical parameters are a manifestation of some stress-
induced physical changes in the oxide structure - formation of oxide traps. It is generally
assumed that these physical changes involve chemical bond breaking in the oxide.
Therefore, the bond breaking process is of primary interest for understanding the effects
of stress on the oxide electrical properties.

The temperature and electric field dependence of oxide electrical breakdown
indicates that bond breaking most likely occurs on weaker bonds associated with defects
in the SiO structure, in particular oxygen vacancies. These defects may exist in the oxide
prior to the electrical stress, or be created during the stress. In the proposed model,
breakdown precursor defects are considered to be created by collisions of injected
electrons with oxide atoms. It is shown that the stress induced defect formation process is
responsible charge-to-breakdown dependence on oxide thickness. This approach
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describes the physical mechanisms of the bond breaking process; including the effect of
electric field, temperature and electron collision probability. The model is used to explain
positive and negative bias charge-to-breakdown data, as well as to understand process-
induced charging damage effects on transistor parameters.

Localized Model for Bond Breakdown Process

In the proposed model we assume that whatever the nature of the oxide traps
induced by electrical stress, the trap generation is triggered by the breakdown of chemical
bonds. In general, oxide under electrical stress experiences influence of both an electric
field and electron fluence. During electrical stress bond breakdown may be considered as
a two step process — bond excitation by a collision with an injected electron and
subsequent bond breaking assisted by temperature and electric field. Collisions of the
injected electrons with oxide atoms may result in the formation of the structural defect in
the oxide while polarization of the weak defect bonds by the electric field leads to the
bond breakdown. These effects are discussed in more detail below.

E

Figure 1 - Dependence of the bond energy on the bond length with (broken line) and
without (solid line) applied electric field for different local structural configurations.

In order to consider electric field effects on oxide susceptibility to charging stress,
we first briefly discuss energy properties of the individual bonds. Dependence of the bond
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energy on the bond length (or angle) is presented qualitatively in (Fig. 1). In the ground
electronic state, the minimum of the bond energy defines the equilibrium distance
between the atoms in a regular SiO; structure. Raising the temperature leads to population
of excited vibrational states in the energy well, and increases the amplitude of their
atomic vibrations. If the crystal temperature is increased to such values that the energy
states near the top of the well are populated, the atom displacements become so large that
bonds start to break. This manifests itself in crystal melting. Thus, bond breaking
probability P can be described by the Boltzmann expression: P = exp(-E,/kT) where E, is
the bond activation energy for the given electronic state (ground or excited)
corresponding to the particular local atomic configuration in SiO».

Electric field applied to the dielectric shifts the positions of the positively and
negatively charged ions in opposite directions, thus increasing the interatomic distance in
the bond. Changes in the bond length translate into a shift in the position of the minimum
of the potential energy curve (Fig. 1) and makes the energy minimum more shallow. This
means that the bond energy is decreased. In the case of a simple ionic bond, in the
harmonic oscillator approximation, the change in the bond energy, AE, is equal to AE = q
x Eox = B Eox , where q is the effective ion charge, x is the change in the interatomic
distance, and E is the electric field acting along the bond. Detailed analysis of
polarization effects on SiO, is done in [/] where it is shown that the local electrical field
acting on the bond might be significantly stronger than the applied field. Thus, the
probability of bond breakdown in the presence of electric field takes the following form:

— —(Ea_mox)/kT
B =e M

To discuss the effect of electron fluence on the bond breaking process we first
note that even at low temperatures there is non-zero probability of “spontaneous * bond
breaking due to excitation of a valence electron (by light, y-radiation, etc.) from the
bonding to an anti-bonding orbital. Collisions with the electrons injected during electrical
stress play similar role. Electrostatic interaction with the injected electron can excite the
electron resided on the bond that destabilizes the bond atomic configuration. This
instability may lead to creation of a structural defect. For instance, excitation to the
unstable electronic state of the Si-O-Si bond can cause oxygen departure and subsequent
formation of Si-Si bond. The energy required for the defect formation varies depending
on the local stress conditions and generally does not exceed 4.5 eV. In the case of Si-O-Si
bond, this energy weakens with the deviation of the Si-O-Si angle from 144°,

As was mentioned above, the oxygen vacancies which seem to be a likely
breakdown precursor can be formed due to electron collisions during electrical stress as
well as prior to the stress, for instance at the oxide growth stage. The oxygen vacancies
created during electrical stress are characterized by much longer Si-Si distances (3.1 A
vs.2.5 A), and correspondingly lower bond energies than the vacancies resulting from the
synthesis process [2]. The fact that the activation energies estimated from electric field
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dependence of the time to dielectric breakdown [/, 2] is lower than theoretical estimates
(1.15eV and 1.8 eV, respectively) indicates the importance of the electron-oxide
collision process for the understanding of the oxide breakdown.

When the oxide thickness is significantly larger than the electron mean free path
in the oxide to each injected electron may experience multiple collisions with oxide
atoms. When oxide thickness approaches the electron mean free path value, the electron-
oxide collision probability reduces. Thus, in the case of thin oxides, when an injected
electron may experience a single collision at most, a collision probability for an electron
traveling distance t in the oxide can be written as follows (analogously to the absorption
coefficient):

N =1-exp(-s?) 2)

where s is the electron collision probability per unit traveling distance in SiO,. The
parameter s is a function of the oxide density, crystal structure irregularities, presence of
charge centers, etc. Then, the probability of the electronic transition to the defect state is
proportional to the probability of an electron-bond collision at a distance t, dN/dt, and
electron kinetic energy Ee = Ei t (since higher electron impact energy allows for such
transitions to occur on stronger bonds thus increasing a number of bonds which can be
affected by the given electron).

The total probability for an electron to break a bond in a single collision can be
expressed as a multiple of the probabilities of the transition to the defect state and
breakdown of this defect bond assisted by temperature and electric field, Pg in Eq. (1):

PO Py By =P B s o

Here electrons are assumed to be moving in a ballistic regime, and we neglect the
probability of a spontaneous bond breaking at room temperature. Integrating over the total
oxide thickness t,, one obtains the probability of bond breaking per one injected electron
passing through the oxide'

P= —E h (1+ st )e—sfax }e_(Ea —BEo) @

A number of broken bonds per unit area, D, can be described by the following
expression

D:Q.P (5)

where Q is the total electron fluence per unit area passed through the oxide, and P is the
probability of the bond breaking in a single collision.
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Oxide breakdown occurs when the local trap density D/t,x exceeds some
characteristic critical value D.. The moment of breakdown defines a charge-to-breakdown
value, Q= Qua in Eq. (4). Taking into account the approximately linear dependence of
critical trap density D, on oxide thickness in thin oxides 25 A< tox <80 A [4, 5], D= Do
tox (Deo is the critical concentration in the very thin oxide tox < to), from Eqgs. (1-5) one can
obtain the following dependence of the charge-to-breakdown Qg on the electric field and
oxide thickness:

B o~ B EIKT D,st>
de =A : 6)
E 1-Q+st, )exp(-st,,)

ox

where A is a dimensional constant of proportionality. Here for simplicity we neglected
dependence of critical trap density on electric field [6]. In the tunneling oxides, D, is
independent from the oxide thickness that leads to the replacement of the term t,,” in the
Eq.(6) denominator with toy.

One can see from Eq. (6) that both electric field and electron fluence contribute to
the trap generation process. Electric field causes polarization and subsequent weakening
of the chemical bonds (described by the term exp(-p Eox ) in Eq. (6)) in agreement with
the Eox model experimentally confirmed recently [7]. Additional 1/E electric field
dependence originated from the effect of electron acceleration by the electric field (that
increases the probability of creation of defect bonds during electron-oxide collisions)
leads to the Qyg singularity at very low E . This singularity reflects the fact that we
neglected the presence of the breakdown precursor defects in the oxide. Accounting for
these defects adds a term cPg to Eq.(S) where c is the concentration of the pre-existing
breakdown precursor defects per unit area, and Pg is from Eq.(1). Then, the condition
under which the density of collision-assisted broken bonds dominates the one of
generated on pre-existing defects only takes the form: ¢y < D/ Pg where ¢y = ¢/ty is the
density of the pre-existing defects in the oxide. As one can see, relative share of the bonds
broken only by the electric field (without collisions) increases with field and temperature
and depends on oxide thickness (D o< t,) and quality determined by c; value.

Eq.(4) can be modified if formation of a breakdown precursor defect requires
some minimum energy Ey, In order to create a defect an incident electron should be
accelerated to a threshold energy Eo, t, = Eg,. . In this case, bond breaking probability P
takes the form:

1 s
—_ - (tax_t ) -5t _(Ea_wox)
P=—E -+ (st -t )= e e @)
To analyze thicker oxides, tox > to , Eq. (6) can be simplified by completely
neglecting the probability of collisions when the distance electrons travel in the oxide is
less than the electron mean free path to. Then, Eq. (2) transforms into N = 1 — exp[s(t -
to)], and Eq. (6) takes the form
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de ~ %. DO R e-(Mox_Ea)/kT . tox 7
SE t,. —1, D

ox X
Here we assumed that stox << 1. Eq. (7) is valid for the oxide thickness in the range ty <
tox < (2 tO/s)m. As follows from Eq. (7), in the given oxide thickness range fewer traps are
generated in thinner oxides under the constant current stress (Eo is determined by the
current density and independent from the oxide thickness) due to both lower collision
probability and electron impact energy.

In order to verify the above Qypa(tox) dependence, we compared oxide thickness to,
calculated with Eq. (7) to the nominal thickness that was measured both optically and
electrically. Charge-to-breakdown (hard breakdown) measurements were done on 20x20
um’ n+ poly NFET capacitors under positive and negative gate bias at 0.5 A/cm? constant
current stress (Fig. 2).
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Figure 2 - Constant current charge-to-breakdown vs. oxide thickness. Error bars
correspond to 1 standard deviation
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Figure 3 - Gate oxide thickness calculated with Eq. (8) vs. nominal thickness.
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Using positive bias Qpq data and ratios of Qyq in Eq. (7) for different to, , we found
that the best fit of the calculated oxide thickness to the nominal ones (Fig. 3) can be
obtained with t; = 30 A.

Substrate and Gate Injection Charge-to-Breakdown

So far, the oxide physical characteristics have been assumed to remain constant
across the oxide. However, it has been well established that stress at the SiO,/Si interface
results in a structural “strained” layer in SiO; [8,9,10]. The strained layer is characterized
by higher than bulk oxide density (2.4 g/cm®) and high compressive stress. These lead to
increase in the probability of breaking for the bonds weakened by the stress in the strained
layer:

— —(Ea_ﬂon_Estr)/kT
P, =e (8)

where Eq is an average energy of the stress that affects an individual bond.

The existence of the strained layer breaks the symmetry between the positive and
negative gate bias injection in the oxides thicker than the electron mean free path. Indeed,
in the case of substrate electron injection the mean free path t = 30 A covers significant
portion of the strained layer, so that Eg, are expected to be very close to the bulk oxide
ones Egr b (Fig. 4).

-« t » <~t°—>

Figure 4 - Schematics of substrate and gate electron injections vs. distribution of stress in
oxides.

On the other hand, for gate injection, the mean free path distance covers oxide outside the
structural strained layer. Therefore, to a great extent, Eg, in Eq. (8), which represent
average of Eg,(t) over the oxide thickness t,x outside the mean free path distance, is
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determined by the structural strained layer properties, and is much greater than in the
substrate injection case. Subsequently, in the latter case, Quq values are greater for all
oxide thickness.

In addition, in the gate injection case, Eg gt parameter may exhibit strong oxide
thickness dependence: the thinner the oxide, the greater the share of the structural strained
layer in the total oxide thickness, and therefore average Egi gae value is higher. Based on
the expected behavior of the Eg,,_gue parameter in the gate injection case in the extremely
thin and thick oxides, we may propose the following dependence of the Esr gare On oxide
thickness: Egi gate ~ Estr_sub + tox/ tox-to, Where the average value of the stress energy in the
substrate injection case, Egy sub, is assumed to be independent from the oxide thickness.
Substituting the above Egx g dependence in Eq. (8), we obtain the following relation
between the charge-to-breakdown for gate, Quqg, and substrate, Qug, injections valid for
oxide thickness tyy > to:

—(E -E, kT E tr t
( str b Str te )/ Ry sub 0
Q / Q —_— e _sul _ga ] — .
bds bdg kT (9)

ox

We calculated the oxide thickness to in Eq. (9) using Quq values in (Fig. 2) and to
=30 A. Comparison of the calculated thickness to the nominal ones is presented in (Fig.
5). The fit was obtained with Egy /KT = 1 that leads to an estimate Eg b = 0.026 V.
Note that other oxide properties, like interface roughness that was not discussed here may
also contribute to Qpq values.
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Figure 5 - Gate oxide thickness calculated with Eq. (9) vs. nominal oxide thickness.
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Process Induced Damage

The trap generation model discussed above was applied to the process induced
charging damage evaluation using test structures that contain transistors with attached
charge collecting antennas at different wafer processing levels. Charging stress level in
the established process is relatively low, and stress generated trap density is usually
significantly smaller than required to cause oxide breakdown. The sensitivity of transistor
parameters to gate oxide characteristics allows for measurement of relatively low damage
that may not show up in device yield.

We analyzed charging damage effects in 0.35 um LDD NMOS transistors with 65
A, 50 A, and 40 A gate oxides (similar effects were observed in the identically processed
lot with 65 A, 55 A and 45 A gate oxide splits). Splits for each oxide thickness contain 4
wafers, with 17 die per wafer tested. Poly, metal-1 or full flow charge collecting antennas
are attached to transistor gates, with antenna-to-gate ratios (AR) up to 90 K:1. Fowler-
Nordheim (F-N) stress, 1 nA/um? for 2 sec, was used to reveal latent damage.

The charge damage effect (CDE) induced by processing is measured as a
difference in a transistor parameter T shift due to F-N stress between an antenna transistor
and a reference transistor at the same die location:

AT = VSIVESS
i

stress

(antenna) T, (antenna) J—

0_ Stress

(reference)] (10)

(reference) ~T,

0 _Stress

Reference devices are protected from charging damage during processing by poly-level
fuses between drain, source, gate, and substrate (when fuses are blown the gate oxide is
not under stress).

In the case of thin oxide, gate leakage current I, seems to be a very sensitive
damage parameter; it exhibits strong antenna effect in most types of antenna modules
even before F-N stress. In metal-1 antenna transistors, I; increases with antenna size (Fig.
6) and decreases with oxide thickness (Fig. 7). The same trends are observed in CDE of
I;, after the F-N stress (Fig. 8). Transconductance Gp, and threshold voltage V, do not
show antenna effect before F-N stress. CDE in Gy, and V, is greater for thicker oxide,
especially in devices with edge intensive antennas (Fig. 9). The fact that I, is reduced
after the F-N stress (Fig. 6) indicates that hole-type traps were created in the oxide during
metal-1 processing. This conclusion is supported by V, data (Fig. 9) that show negative
shift of V with respect to reference transistors after F-N stress, such shift being
accompanied by increase of Gy, Devices with poly area antennas show positive CDE of
Vi (Fig.10) and no effect in I, suggesting that electron-type traps were primarily
generated during poly processing.

For tested transistor parameters in metal-1 and poly antenna modules, thicker gate
oxides demonstrate greater susceptibility to charging stress (Figs. 6-10) (see [1]]), in
agreement with the model prediction for thicker oxides, Eq. 7. On the other hand, in the
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full flow modules that include contact antennas (having up to 39,000 contacts) in addition
to area antennas, thinner oxides show higher gate leakage (Fig. 11) (similar results were
reported in [12]).

Ref-reference tr.

B10 - smallantenna tr.
Bt1 -medium antenna tr,
B12 - large antenna tr,
B13 - edge antenna tr.

Log (Ig)

ORef TRef0B100B110B120B13 1810 1B111B12 1B13

Metal antenna transistors, before "0" and after "1" stress

Figure 6 - Pre- and post-stress gate leakage current for reference and metal-1 antenna
transistors. Error bars correspond to # standard deviation. In the x axis, 0 and 1 in
Jront of the transistor type correspond to the data before and after the F-N stress.
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Figure 7 - Pre-stress gate leakage current of metal-1 large antenna transistors.
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Figure 8 - Charge damage effect, calculated with Eq. (11), in gate leakage current of
metal-1 antenna transistors.
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Figure 9 - Charge damage effect in threshold voltage of metal-1 antenna transistors.

For tested transistor parameters in metal-1 and poly antenna modules, thicker gate
oxides demonstrate greater susceptibility to charging stress (Figs. 6-10) (see [II]), in
agreement with the model prediction for thicker oxides, Eq. 7. On the other hand, in the
full flow modules that include contact antennas (having up to 39,000 contacts) in addition
to area antennas, thinner oxides show higher gate leakage (Fig. 11) (similar results were
reported in [12]).

In this module, gate oxides in antenna transistors are very leaky due to heavy
charging damage during processing, as follows from the dependence of I, on antenna
sizes. Vy and Gy, show no antenna effect before F-N stress (no data available after the
stress due to very high damage in transistors).
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Figure 10 - Charge damage effect in threshold voltage of poly antenna transistors.
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Figure 11 - Gate leakage current of reference and full flow large antenna transistors.

Thus, two groups of devices, with lower (metal-1, poly modules) and higher (full
flow module) charging damage, demonstrate opposite trends: when total damage is low,
thinner oxides show less charge damage effect, however, they seem to be more
susceptible to stress in the case of higher damage.

Stress Induced Leakage Current

In order to explain data in the heavily damaged full flow module that seemingly
contradicts our model, we need to discuss a leakage current mechanism. Trap assisted
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tunneling current is proportional to the density of traps Do = D/t,x which can accept
electrons and to the probability of electron tunneling from the substrate to these traps W
(for simplicity, we assume that in the ultra thin oxides, tunneling via one trap only is
required for each electron):

Jia = Jo Dy W (12)

where jo is the coefficient of proportionality.

In the quasi-classical approximation, electron tunneling probability P can be
written as follows: W oc exp{- JV[E(t)-Eo]dt} ~ exp{- Byt + Pt)}, where E; and E are
the energy barrier at the Si/SiO; interface and the initial electron energy, respectively. a
and P are coefficients that depend on the electron and barrier energies and on the trap
location between the oxide interfaces. In particular, if a trap is in the middle of the SiO,
layer, B = 1/2.

As oxide thickness increases, trap assisted tunneling current j;, reduces due to
exponential decline of tunneling probability W. However, j;, may also increase with

oxide thickness because of increase in the trap density Dy o< t, within the approximation
used in Eq. (7). (In a general case of Eq. (6), trap density increases with the oxide
thickness in a more complex way; note that t,,s<<1). To determine dependence of the trap
assisted tunneling current on the oxide thickness, we estimated an oxide thickness tp,y at
which trap assisted current is maximum.

Graphical results of these calculations are presented in (Fig. 12). As follows from
the equation djT A/dtox = 0, tmax o< VDo decreases with the increase of the trap density Dy,

and the parameter 7 is a function of Ey, B, and to. The value of tm., with respect to the
oxide thickness under consideration tells us whether leakage current should increase or
decrease with oxide thickness. When the trap density Dy is small, tm, may be greater than
the maximum thickness of the oxides under consideration, and therefore one observes
increase of leakage current as oxide thickness increases (broken line in (Fig. 12)), as we
see in metal-1 and poly modules. Decline of current in thinner oxides is due to
insufficient number of traps which assist tunneling current, and we term this case damage
controlled leakage.

When damage increases (Do increases) as in the case of full flow module, t.;,
decreases and may correspond to oxide thickness that is smaller than the minimum
thickness of the oxides in our experiment. In such case that can be termed tunneling
controlled leakage, one observes decrease of leakage current when oxide thickness

increases (solid line in (Fig. 12)), due to smaller tunneling probability W in thicker
oxides.
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Figure 12 - Leakage current vs. oxide thickness in the cases of high, D-high, and low, D-
low, damage.

Summary

The proposed model provides a physical explanation for the electric field and oxide
thickness dependence of Qyq. It is shown that both electric field and electron fluence
contribute to the trap generation process through weakening of the oxide chemical bonds
and collisions of injected electrons with oxide atoms, respectively. According to the
model, electron-oxide collisions responsible for the creation of the breakdown precursor
defects lead to the Qyq oxide thickness dependence. Effectiveness of the defect creation
process is proportional to the electron impact energy that results in 1/Egy factor in the

electric field dependence of Qpg. Experimentally observed exp(-Eqy) dependence

originates from polarization of the oxide chemical bonds in the applied electric field.

Thinner oxides are less susceptible to charging stress (under identical stress
conditions) since both the probability of collisions of injected electrons with oxide atoms
and electron impact energy decrease with oxide thickness. However, relatively lower
damage in thinner oxides (determined as a concentration of generated traps) may produce
a greater effect on oxide quality, in particular on oxide leakage current. Gate leakage
current does not directly represent oxide damage after heavy stress. It is found that after
heavy stress, leakage current is determined by the probability of trap assisted tunneling,
while in lightly damaged oxides the density of generated traps controls leakage.
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Abstract: MOS device performance and reliability depend strongly on the quality of the
gate dielectric. Metallic contamination, stoichiometry, interface properties, and substrate
quality all have an influence. Gate Oxide Integrity (GOI) measurements are frequently
used for monitoring oxide quality and reliability. Conventionally, testing the integrity of
these gate dielectrics requires the use of prefabricated polysilicon or metal gate MOS
capacitors (MOSCAPs). However, this involves short loop processing that is time-
consuming and can itself affect the gate oxide quality. Therefore, a method that can
monitor these factors rapidly and accurately for both production and process development
is highly desirable. In this paper, a mercury gate is presented for Gate Oxide Integrity
(GOI) measurements. This mercury gate is formed using a highly repeatable mercury
probe Capacitance-Voltage/Charge-Voltage/Current-Voltage (CV/QV/IV) system.
Several applications are discussed that show how these measurements may be used in
monitoring a variety of process-induced defects. An example of the application of
mercury gate Metal-Oxide-Semiconductor Current-Voltage (MOS IV) measurements for
ultra-thin (less than 10 nm) oxide development is also presented.

Keywords: mercury probe, mercury gate, gate dielectric, plasma damage, surface
cleaning, metal contamination, ultra-thin oxide

Introduction

The quality of the gate oxide in an Metal-Oxide-Semiconductor (MOS) device is
affected by many different defects. These defects include metallic contamination,
electron and hole traps, particles, and oxide stoichiometry [/]. Gate oxide integrity (GOI)
measurements are useful for monitoring oxide quality and reliability. Traditionally, GOI
measurements have been made on MOS structures fabricated with metal or polysilicon
gates. The problem with these fabricated gates is that they take time, are expensive to
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2Senior Research Scientist, Solid State Measurements, Inc., 110 Technology Drive,
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fabricate, and can interrupt production. Use of an alternate gate electrode that does not
require fab processing for GOI measurements is highly desirable. This paper
demonstrates the use of a mercury gate for GOI measurements used to characterize
dielectric quality; it also shows that mercury gate GOI measurements are sensitive
enough to be used for furnace control, monitoring of process-induced damage on flat
capacitors, and for advanced gate dielectric development.

Experimental

A highly repeatable mercury probe described previously [2] was used for the GOI
measurements in this study. Nominal gate areas are determined by the size of the
mercury capillary used to form the gate. In this study, capillaries with diameters of 0.5-
to 4.0-mm were used. For the thicker oxides measured in this work, a mercury gate
approximately 4.0-mm in diameter was used to monitor defect densities as low as 0.1-
cm and is some cases a 1.0-mm capillary was used. For ultra-thin gate oxide
characterization, where thickness, leakage, and trapping are critical parameters, a
mercury gate of approximately 0.5-mm diameter was used. The area repeatability of all
gate areas was better than 0.1%, one-sigma. The current-voltage (IV) measurements
were made using a Keithley 236/237 Source Measure Unit (SMU). Data collection and
analysis were performed using the PROCAP software used in the CV/QV/IV systems
produced by Solid State Measurements, Inc.

Physics of Mercury Gate IV Measurements

Mercury gate GOI measurements are just as sensitive to a variety of defects and to
advanced gate properties as conventional polysilicon or prefabricated metal gate
measurements but the absolute value of the mercury gate GOI parameters, such as
Charge-to-Breakdown (Qgp) and Field-to-Breakdown (Fgp), are significantly different
than those obtained with polysilicon gates, This is especially true for the case of gate
injection — where the gate is at negative bias. The reasons for this difference are
explained by considering basic transport mechanisms. First, there is a significant
difference in work function between mercury and polysilicon gates as shown in Table 1

Table 1 - Ideal Barrier Heights

Gate Material Work Function Ec-Er (eV) Ideal ¢g (eV)
(eV)
Aluminum 4.25 N/A 3.35
Mercury 4.50 N/A 3.60
n+ Polysilicon 4.05 N/A 3.15
Si Substrate N/A 0.1 3.25
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[3). The higher work function of the mercury results in a higher injection barrier height.
Therefore, a mercury gate has lower and slightly higher Fgp values than a polysilicon
gate on the same dielectric film. Generally, a change of about 60 meV in barrier height
will result in a order-of-magnitude change in current. For the case of substrate injection
where the gate is under a positive bias, the GOI parameters will differ only slightly from
the polysilicon gate values because the barrier height depends on the silicon substrate
properties and not on the gate material. Second, on more aged surfaces an interfacial
layer can exist between the mercury gate and the dielectric surface. This layer is
composed of organics, inorganics, water, or combinations of these impurities and can
induce an increase in the effective barrier height. However, even though the absolute
values of parameters measured on polysilicon and mercury gates are different the
sensitivity to changes in these parameters is nearly the same as shown in the examples
below.
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Figure 1 - Effects of Iron Contamination: Weibull Plots of Fzp Showing the Effects of
Iron on Quality of Oxide

Furnace Control

Thermally grown silicon dioxide films are the most common dielectric materials
now in use. The quality of the oxide is highly dependent on cleanliness in the furnace
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where these films are grown and on the condition of the silicon surface prior to oxide
growth, Factors such as metallic contamination, particles, gas leaks, surface precleans,
etc., can all contribute to the degradation of these oxides as shown by GOI
measurements.

The sensitivity of mercury gate Fpp measurements to iron contamination is
demonstrated in the Weibull plots shown in Figure 1. In this case, three p-type wafers all
oxidized to ~50-nm after various treatments were studied: first, a control wafer (1),
second, a wafer that was contaminated with iron by ion implantation and given no further
treatment (2) and, third, an iron contaminated wafer similar to 2, that was given an HCI
based surface treatment (3). Stepped voltage I'V measurement maps were made with the
4-mm diameter gate to obtain field-to-breakdown, Fgp , values. The iron-contaminated
sample, 2, shows a shift of approximately 4 MV/cm in the Fgp value at the 50-percentile
level and a distinct defect-related knee in the Weibull plot. Although the Fy4 value at the
50- percentile level of the surface-treated iron-contaminated wafer, 3, is close to that of
the control wafer, some iron contamination obviously still remains after the clean, as
indicated by the tail in the Weibull plot.
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Figure 2 — Effects of Oxide Pretreatment: Cumulative Probability Plots of Qsp for
Various RCA Cleaning Times
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The sensitivity of the mercury gate GOI measurement to preoxidation surface
treatments with RCA cleans is shown in Figure 2. Here a 1.0-mm mercury gate was
used to measure charge-to-breakdown, Qgp, by the stepped current method. Maps of
Qgp Were made on a series of n-type wafers that had been cleaned for different lengths of
time prior to oxidation. An oxide thickness of approximately 12-nm was then grown on
the wafers. As the surface treatment time is increased from the very short Standard
Treatment to as long as 20 min., the defect density indicated by the knee in the Qgp
probability plot improves. This is probably due to a decrease in both particle density with

the RCA-1 clean and metal contamination with the RCA-2 clean as the cleaning time is
increased.

Plasma Damage

Process-induced plasma damage occurs in gate dielectrics as the result of process
charging and can cause physical damage or excessively high tunneling currents. The
problem with process-induced charging is that generally only a small amount of charge is
actually placed on the wafer surface. However, because the ratio of passive to active
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oxide (antenna ratio) is large, a significantly higher electric field is placed on the active
gate oxide. This results in damage and reduced reliability of these active gate oxides.
Conventionally, special antenna structures are required to monitor these charging effects.
However, these antenna structures are costly and time consuming to prepare. Therefore it
would be very useful if the same sensitivity to plasma damage could be obtained using a
typical MOS flat capacitor. In this study, p-type wafers each with 200-nm of thermal
oxide were used as substrates for the deposition of 30- to 40-nm of PECVD oxide. Half
of these substrate wafers had polysilicon antenna structures over the thermal oxide for the
antenna charge measurements; a sister set of wafers with no antenna structures was used
for the mercury gate measurements. Oxides were deposited at two different power
settings to obtain a set of wafers having oxides deposited at low power with low charging
and wafers having oxides deposited at high power with high charging.

Figure 3 shows the effects of low and high charging on typical polysilicon gate
antenna structures. The generally higher leakage currents and distinct knee in the
cumulative probability plot of the high charging plot indicate a much higher plasma
induced damage in this gate oxide than is seen with the low charging plot. In general, flat
capacitors cannot detect process-charging effects. But, it has been found that the rate-of-
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Figure 4 — Constant Current dV/dt Cumulative Probability for Mercury Gate Flat
Capacitor Comparing the Effects of High and Low Oxide Charging
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change in measured voltage with application of a low constant current can be sensitive
enough to monitor these effects using a flat mercury capacitor [4]. The plots of a 10-nA
constant current dV/dt made on mercury gate flat capacitors in Figure 4 show the same
sensitivity to low and high charging as the polysilicon gate antenna structures.

Advanced Gate Dielectric Development

The National Technology Roadmap for Semiconductors (NTRS) estimates that
an Equivalent Oxide Thickness (EOT) of 1.5-to 2.5-nm will be required for geometries
with line widths below 0.15-um. The potential problems when using silicon dioxide at
these line widths are boron penetration from the polysilicon through the gate oxide, direct
tunneling leakage currents, and oxide reliability. Much work has been done recently to
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Figure S — Current vs. Fo, for Various Ultra -Thin Oxide and Nitrided Oxides as
Measured by Mercury Gate MOS IV

improve the reliability of these ultra-thin oxides and reduce boron penetration by using
nitrided oxides. However, the problem of excessively high tunneling still exists.
Currently, work is being done using high k dielectrics such as tantalum pentoxide, silicon
nitride, and aluminum oxide to replace silicon dioxide. The problem with these materials
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is that they have much higher bulk and interface trap densities than thermally grown
silicon dioxide.

As an example of the sensitivity of mercury GOI to the development of these
advanced gate dielectric materials, Figure 5 shows the results of five site maps done on
nitrided oxides with thicknesses ranging from 1.6- to 3.7-nm on p-type substrates. The
overlap of the plots at each site for each sample is an indication of the repeatability of
these measurements and the uniformity of the film 7properties. Several other key features
are seen in the data. First, the vertical line at 1x10° V/cm shows the high sensitivity to
the dielectric thickness. Second, for mercury gates, a sensitivity of 0.35-nm /decade,
which is very close to the 0.25-nm/decade reported for polysilicon gates, has been
determined from a plot of current vs. thickness obtained at 1x10” V/cm. Third, it is also
very clear from the plots of the two 3.7-nm thickness films that there is a definite
improvement in the quality of the thermal oxide when it is nitrided with an anneal in N;O
as indicated by the improved Fgp of the nitrided film. Fourth, according to Weir [5] the
noise seen at the high current end of these plots is an indication that breakdown has
occurred. Soft breakdown in ultra-thin dielectrics is difficult to detect. However, Weir
claims that one method for detecting soft breakdown is to monitor this noise in the IV
data, which increases immediately following breakdown. This figure thus illustrates the
sensitivity of mercury gate IV measurements to the critical parameters of gate dielectrics
and their usefulness as a tool in the development of new gate dielectric materials.

Conclusion

The sensitivity and usefulness of the mercury gate GOI measurements to defects
in gate oxides and other dielectric materials have been demonstrated. Although the
absolute levels of GOI parameters like Fpp, and, differ significantly from the
conventional polysilicon gate values, the mercury gate measurements are just as sensitive
to changes in the quality of dielectric materials. The sensitivity of mercury gate GOI
measurements to metal contamination and surface cleaning makes this measurement ideal
for monitoring oxidation furnace quality. The sensitivity of the flat mercury MOS
capacitor to changes in dV/dt at constant current indicates that this measurement can be
used to monitor plasma damage without the need for fabricating costly antenna
structures. Also, the unique ability of the highly repeatable mercury contact for
monitoring the quality of ultra-thin dielectrics and the effects of oxide nitridation make
mercury gate GOI measurements a useful tool in the development of advanced gate
dielectric materials for 0.15-nm geometries and below.
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Abstract: During the past five years great progress has been made in CV replacement
metrology which utilizes precise dosing of electric charge on dielectric surfaces achieved
with a corona discharge in air. This charge produces controlled changes of electric field
in the dielectric film and in the space charge region of semiconductor substrate. The
response of the dielectric and semiconductor is monitored in a non-contact manner using
three measurements: the contact potential difference (CPD) in the dark, CPD under
strong illumination, and the small signal ac-surface photovoltage (ac-SPV). In COCOS
metrology these measurements are performed as a function of the corona charge placed
on the whole wafer. A near equipotential, whole wafer surface is maintained while the
semiconductor space charge is transferred from accumulation — through flat band - to
deep inversion. Data analysis based on electrostatic equations and charge neutrality
gives a total set of electrical parameters, equivalent to those obtained in MOS-CV
metrology, characterizing the space charge, the semiconductor-dielectric interface and
the dielectric film. The equipotential condition is crucial for reducing charge transport
along the surface without creating guard-rings. Using a blanket of corona charge placed
over the wafer surface and whole wafer mapping of CPD and SPV, the COCOS
metrology enables one to obtain whole wafer maps of almost all parameters. Examples
are given, illustrating COCOS application to Si/SiO,, with an emphasis on thin gate
oxide reliability.
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Physical Principles of COCOS
Whole Wafer Corona Charging

The COCOS® method combines two key elements: whole wafer corona charging
and contact potential difference (CPD) measurement [/]. Historically, the use of corona
charging and subsequent CPD measurement to investigate oxidized Si wafers was
introduced in 1968 by Williams and Willis at the RCA Laboratories in Princeton, New
Jersey [2]. However, Williams and Willis used a needle-type corona electrode to deposit
charge on only a small surface site. As a result, this was a slow one-site-at-a-time
measurement. This method of corona charging was used until the development of the
SDI whole wafer corona charging method [3]. As shown in Figure 1, the whole wafer
corona charging is realized by depositing a blanket of corona charge across the surface
of the oxidized wafer using a corona wire moving parallel to the wafer surface.

Tons generated by the corona discharge in air do not cause damage to the oxide
because at atmospheric pressures their mean free path of about 10” cm is very short as
compared to the 1 cm distance the ion has to travel to from the wire to the wafer surface.
Therefore the ions reach the SiO, surface with very low kinetic energy. For positive
polarity, the dominant ionic specie is of the type (H,0),H", while for negative polarity
COy’ is the dominant ion [4]. These ions are thermally stable on the oxide surface up to
temperatures of about 250°C, but can be easily removed by rinsing with deionized water.

Shield Corona Wire High Voltage

Not charged reference region

Figure 1 — COCOS whole wafer corona charging method.

* The acronym COCOS, standing for “CORONA-OXIDE-CHARACTERIZATION OF
SEMICONDUCTOR,” was introduced in 1997. COCOS™ is a trademark for
corresponding tools manufactured by Semiconductor Diagnostics, Inc.
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Contact Potential Difference (CPD) Measurement

Figure 2 is a schematic of the contact potential difference probe that is used in
the COCOS method. The probe assembly is placed approximately 1 mm above the
wafer surface. A vibrating fork directly below a steady reference electrode modulates the
probe to wafer capacitance and generates an AC current signal that is monitored. This
AC signal is directly proportional to the contact potential difference (Vcpp):

dC
J=Verp @ M

where C is the capacitance between the probe and the wafer periodically varied by the
vibrating fork and .J is the generated AC current.

CPD Monitoring

Steady
Reference

Electrode
Vs
Vibrating
/ Fork
Light

SILICON WAFER

g WAFER CHUCK E

¥

Light

Figure 2 — CPD probe setup enabling measurement in the dark and under illumination.

The change of the contact potential difference (AVcpp) caused by an increment of
corona charge is equal to the change in the voltage drop across the oxide (AVpy) plus the
change in the surface barrier (AVggp) (voltage drop across the space charge region):

AVepp = AVpy + AV 2

Strong illumination of the Si underneath the CPD probe flattens the surface barrier
giving approximately Vsp~0. Illumination does not effect Vox. Accordingly, CPD
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measurements in the dark and under illumination are used to determine AFsp induced by

corona charge:

AVCd:zr)k - AV(%D = AVSB (3)

Knowing changes in the surface barrier due to corona deposition, the corresponding
changes in the oxide voltage are determined from eqn. 2 as:

AV,, =AVEE AV, 4)
or
AV = AV, (5)

COCOS Experimental Setup

Figure 3 illustrates the combination of the two key COCOS elements in the
experimental setup used in the COCOS method. A blanket of corona charge is placed on
the surface of the oxidized wafer and the effect of this corona deposition upon the oxide
and silicon is monitored using the CPD measurement in the dark and under illumination.
The two key elements work together to provide information about the oxide, the S¥/SiO,

interface and the near surface silicon.
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Figure 3 — COCOS experimental setup schematic.

Figure 4 illustrates an energy band diagram of the Si/SiO, system with a CPD
reference electrode. In this diagram it is shown that the net effective oxide charge, Qoy,

including the deposited corona charge, must be imaged in the space charge region in
order to fulfill the condition of electrical neutrality:

QOX = Qit + Qf + Qat + Qm + Qc = —Qsc (6)
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Figure 4 — Si/SiO; energy band diagram with a CPD reference electrode.

Therefore, a quantum of corona charge, AQ,, deposited on the surface of the oxidized
silicon can be imaged in the space charge region, AQ;, but can also be imaged in any
oxide traps that can exchange charge with the bulk silicon, i.e., interface traps AQ;.

AQ.: = —(AQ.\'C + AQir) (7)

The surface space charge, Oy, can be determined from the surface barrier, Vss:

2¢ kT
Q.= i‘_/_ﬁ_‘ F(Vsa,l"-] (8)
9L, Po
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and

F(VSB,L%—] = i[(e"f"’“i + BV -1+ f:—(e”"“ -V — 1)] &)

0 0

where F is the space charge function which relates the surface barrier to the net value of
the surface charge [5,6], Lp is the extrinsic Debye length for holes, Lp = [&/gpof]", no
and py are the concentrations of free electrons and holes respectively, in the
semiconductor bulk, 8=¢/kT, q is the elementary charge, kT is the thermal energy and
K,&=¢, is the permittivity of the semiconductor.

The interface trap charge, AQy, corresponding to a given quantum of corona
charge is determined from the following relation:

|AQ,| = |AQ,|-|AQ,.| (10)

The density of interface traps, Dj, be calculated as the ratio AQi/AVsg, where AV is the
change in the surface barrier due to the deposited quantum of corona charge. A D;,
spectrum can then be obtained by plotting D, versus Vss.

The corona charge deposited on the surface of the oxide changes the electric field
in the oxide in accordance with Gauss’s law:

AQ,

€00y

AE,, =

(11)

where AEoy is the change in the electric field across the oxide and &&oy is the
permittivity of the oxide.

A corresponding change of the voltage drop across the oxide with a thickness 7oy
is:

AQ,

ox

AVpy =T AEyy = (12)

where Coy is the capacitance of the oxide:

c,, =2L (13)

MOS-CV and COCOS Comparison

A comparison highlighting the differences and similarities between the MOS-CV
and COCOS techniques is shown in Figure 5. The MOS technique uses a gate such as
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polysilicon or metal deposited on the surface of the oxide and an electrical back contact
to the semiconductor substrate. A bias voltage is applied to the gate in order to change
the electric field in the oxide and in the semiconductor space charge region. The
response to this gate bias is monitored by measuring capacitance-voltage, C-V, and
current-voltage, I-V, characteristics. The overall procedure including the fabrication of
capacitors is costly and time-consuming. It is also a destructive one. COCOS does not
require preparation of a gate or a back contact. It is non-destructive and permits reusing
of measured wafers. A comparison of the variables and parameters involved in the two
techniques is shown in Table 1. From zero band bending up to the deep inversion
threshold, COCOS has an advantage in determining the flat band voltage without
knowing the doping level or dielectric capacitance and in determining the interface
trapped charge and surface barrier. For ultra thin oxides, COCOS revealed advantages
in accumulation over MOS due to much lower leakage in the high field range resulting
from a suppression of direct tunneling. This aspect is important for accurate Cox
determination.

N STLICON L Si0,
' SPACE ! low f
CHARGE
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e @@ M .+ G METER
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Figure 5 — COCOS and MOS-CV schematic comparison.
Table 1 - COCOS and MOS-CV variable and parameter comparison.
Independent Orxide Field Measured Method Flatband
Variable Change Quantity Voltage
MOS' Vg AEg,=f(V.) Cvs Vg c-v Vs = Vg

Dark
b V, Al ;
COCOS’ AQe  ABy- L 8Qc VeV A%y vy - vk v
Eofox Verp vs AQc

QscvsAQc  Q-Q

(a) Complicated relationships in depletion to deep inversion; difficult to separate AVox and AV,
(b) explicit relationships and easy separation of AVpx and Vgp.
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In Figure 5 to the right of the COCOS schematic are two plots illustrating typical
experimental results obtained from a COCOS measurement. The upper plot shows Vepp
plotted versus the corona charging increment. There is curve of Vepp in the dark and one
of Vepp under illumination. The difference between these two curves is the surface
barrier (Vsg). When the Vepp in the dark equals Vepp under illumination, Vsg~0 and the
COCOS flat band (Vgp) condition is achieved.

Interface Trap Spectrometry/Water Flask Analogy

The plot in the bottom right of Figure 5 shows (s, calculated from Vg, plotted
against the corona charging increment, AQc. This Q-Q plot is used for COCOS
measurement of interface traps. The one-to-one line in this plot represents the ideal case
in which there are no interface traps and all of the corona charge deposited on the
surface of the oxide is imaged in the space charge region. Any deviation from this line,
illustrated by the other curve in the plot, is due to trapping by mterface states. The
difference between these two curves is the interface trapped charge, AQ;.

A water flask analogy was developed to help in the understanding of interface
trap spectrometry in the COCOS method. Figure 6 illustrates the water analogy. Water
being poured into the container is analogous to electrons induced in the space charge
region by positive corona deposited on the oxide surface of p-type Si. The height of the
water, h, in the container is analogous to the surface barrier, V5. The flasks on the side
of the container represent discrete interface traps. In the ideal case with no flasks (no
interface traps present), the height of the water in the container would linearly increase
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Figure 6 — Water flask analogy with discrete interface traps.
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However, with flasks present (discrete interface traps present), the water level would
stop rising until the flask is filled. Likewise, the surface barrier would be pinned at a
discrete interface trap until that trap is filled by corona charge induced electrons in the
space charge region. The flasks (or traps) give rise to the ledges labeled A, B and C
shown in the water height versus filling dose plot in Figure 6. Similar ledges due to
discrete interface traps appear in the AVsg versus AQc plots and in the corresponding Q-
Q plots (AQsc versus AQc). These ledges create corresponding peaks in a D, spectrum.
Figure 7 illustrates a different water/interface trap analogy with a continuous distribution
of interface states represented by the small tubes on the side of the container. This case
corresponds to the typical U-shaped distribution of interface states across the band gap.
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Figure 7 — Water flask analogy with a continuous interface state distribution.

Applications of COCOS

A historically important stepping stone in the development of the COCOS
methodology was the introduction of the whole wafer corona charging method used in
the mapping of sodium contamination in oxides [/,3,7,8]. Sodium contamination
mapping and many other applications of the COCOS method in an industrial setting will
be discussed in an article to be published shortly [9]. Present work discusses applications
of the COCOS method that deal with the issues of gate dielectric reliability: wearout and
stress-induced leakage current (SILC). Wear-out and SILC have become very important
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issues as the thickness of gate oxides have been scaled down to <100A [10-14]. The
COCOS technique can monitor aspects of wearout and SILC in a non-contact manner.
This avoids the inherent difficulties associated with the measurement of thin oxides by
the MOS-CV technique [15].

Corona Stress

COCOS methodology summarized in Table 1 uses low electric fields in the oxide
(below 1 MV/cm), which create negligible room temperature leakage. Larger electric
fields are used in COCOS measurements of dielectric wearout and SIL.C. Weinberg et al
implemented, for the first time, corona charging to investigate Si0, films on Si at very
high fields [16,17]). With increasing corona charge, an electric field in an oxide
increases and for sufficiently high corona charge tunneling of electrons (or holes) from
the semiconductor to the oxide conduction (or valence) band takes place. Such Fowler-
Nordheim, F-N, tunneling induced by positive corona charging is illustrated in Figure 8.
Once the tunneling takes place the charge build-up on the oxide stops when the F-N
current density, Jr.y, reaches the corona ionic current density, Jcorons- At this stage
prolonged corona charging produces stress leading to oxide wearout and SILC. After
corona charging is terminated the surface charge decays due to residual Jry current
and/or SILC depending on the stress fluence. In COCOS stress experiments the fluence
is controlled by stress time and by the magnitude of corona current density.
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Figure 8 — Energy band diagram of the Si/SiQ; system without any oxide charge and
with corona leading to Fowler-Nordheim tunneling,.
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Stressed-induced Interface Traps and Flat-band Shift

Dumin [/0] made a very important general statement regarding wearout: “During
the wearout phase, defects or traps are generated inside the oxides [18], and at the oxide
interfaces [/9] by the voltages applied across the oxides and/or the currents flowing
through the oxides.” The COCOS method can be used to apply voltage across oxides
and induce corresponding currents. In addition COCOS provides a means for
monitoring the traps, thus enabling the study of wearout phenomenon.

Stress-induced creation of interface traps is demonstrated in Figure 9 by D;
spectra before and after corona stressing for a 50A oxide. The D; spectrum before stress
shows a typical U-shaped distribution with a minimum value of about 7x10'° gemZeV'.
However, the spectrum after stress shows almost two orders of magnitude increase in the
interface trap density. Table 2 summarizes the effect of corona stress upon Dy, flat-band
voltage and the effective charge, Q.p, measured with COCOS at the same wafer site.
Notice the large negative shift in the flat-band voltage, indicating the large increase in
the positive oxide charge.

Before Stress After Stress
Dit spectrum Dit spectrum
Dit [o-emZev] Dit [g-cm®ev}
: F .
- [~
10% 10" "
E s «fu®f
10% 10
E - 3
X . . .
10" = C 10"
3 i F
10‘0 [THEE NIEN] Al bt ALt 10“1 ETETS NN [TETE I NI TE TNV NTEN
00 01 02 03 04 05 06 00 01 02 03 04 05 06
Vsb, [V] Vsb, [V]
Sample: M600-2-3 Sample: M600-24

Figure 9 ~ Interface trap spectra of a 50A oxide before and after corona stress.

Table 2 — Summary of interface trap density, flat-band voltage and effective charge
values before and afier corona stress.

Dir [em?eV] | Vs [V] | Qer[g/om’] = -VisCox
Before Stress 6.6x10"° -0.09 9.9x10"
After Stress 4.7x10” | -046 5.1x10™
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COCOS I-V Method

Using the COCOS method it is possible to obtain I-V curves without fabrication
of MOS capacitors. In COCOS I-V, the voltage equals the contact potential difference,
Vepp, while the current is monitored by CPD measurement of the corona charge
dissipation due to electron or hole transport across the oxide. The current density is:

_ 40,
J= P (14)

The technique of CPD monitoring of corona charge decay on thin films has been
extensively used to investigate resistivity and high field effects in polymer films [20].
The COCOS I-V methodology is a modification of this technique with the intent to
investigate very thin gate dielectrics.

Using the COCOS I-V technique we have investigated SILC phenomenon in thin
gate oxides below 100A. The COCOS I-V data in this work is actually presented as
corresponding current density versus electric field in the oxide. The curves in Figure 10
were obtained for an 85A oxide stressed at room temperature with various fluences of
positive corona. Notice that the curve at the lowest fluence follows theoretical Fowler-
Nordheim tunneling, while subsequent larger fluence stress results in significant current
at lower electric fields, i.e. SILC.
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Figure 10 — Current as a function of oxide field for an 85A oxide after corona stress.
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The effect of corona stress on leakage for a 35A oxide is shown in Figure 11.
The slope of the lowest fluence curve is substantially smaller than that of the F-N
tunneling shown in Figure 10. This indicates a different mechanism such as direct
tunneling consistent with the behavior of very thin oxides. Once again notice the shift in
the COCOS current characteristics to higher currents and lower fields due to SILC.
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Figure 11 — Current as a function of the oxide field for a 35A oxide after corona stress.

Effect of Iron Contamination on SILC

The effect of iron contamination upon SILC in thin gate oxides was also
investigated using the COCOS I-V technique. Silicon wafers were contaminated with
iron at two different levels: 5x10'® and 5x10'! atoms/cm’. The wafers were then
thermally oxidized to 70A. The curves in Figure 12 were measured for each wafer after
stressing with three fluence levels. It is seen that at the lowest fluence the curves are
nearly identical in spite of different iron contamination levels. At the highest fluence the
higher iron contaminated wafer shows a definite shift to higher currents as compared to
the wafer with the lower iron level. This clearly demonstrates significant SILC
enhancement by iron contamination. Details of this study will be published in a separate
publication [21].
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Figure 12 — Effect of iron contamination on SILC in 70A oxides.

SILC Mapping

The COCOS technique can also be used to map the magnitude of SILC similar to
Vcpp mapping of soft-breakdown discussed in earlier work [22]. Figure 13 illustrates a
map of oxide field that has been dubbed the “SILC Cross”. The SILC cross was
generated by first charging the entire wafer at a low fluence to the onset of Fowler-
Nordheim tunneling. The area of the cross was then charged with a much higher
fluence, creating defects in the oxide and causing SILC in this area. The damaged oxide
in the area of the cross can no longer hold as much charge on the surface as the
surrounding area due to SILC. As shown in Figure 13, this results in a lower oxide
voltage (i.e., lower Vcpp and also lower oxide field) in the area of the cross. Figure 14
shows the correspondence between two areas of the SILC cross map and their position
on COCOS I-V curves. This example illustrates that the COCOS methodology can be
used to monitor SILC by mapping of Vcpp after corona stress.
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Conclusions

COCOS is a non-contact, no preparation replacement for MOS-CV/IV
technology. It can be used to monitor reliability issues in thin gate oxides such as
wear-out manifested by stress-induced interface traps and flat-band shift. Using corona
stress and the COCOS I-V technique, SILC in thin oxides can be investigated with fast
turnaround times. New COCOS generated data indicate that iron contamination at the
level of 5x10"" atoms/cm?® is detrimental to SILC in 70A gate oxides. It is also

demonstrated that whole wafer corona charging combined with fast V¢pp mapping
provides a means for mapping of SILC distribution.
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Application of Quantox Measurements to Identify Phosphorus Contamination in
Silicon Wafers
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Abstract: During a three-year period, MOS fab experienced a 0.3% parametric failure
rate on LOCOS devices. The observed failure mode is high N- and low P-channel current
leakage. Only wafer number five of a lot was affected.  This selective (believed)
phosphorus contamination was appropriately named the “Phantom Wafer Failure”. MOS
fab implemented routine monitoring on all oxidation furnaces using the Keithley Quantox
characterization tool in December 1997. Flatband voltage and mobile ion concentration
were monitored using this tool. It was only after implementing this monitoring that the
fab was able to identify the source of the phosphorus contamination.  This report
illustrates using the Keithley Quantox to identify the source of this phosphorus
contamination.

Keywords: quantox, corona oxide semiconductor, cos, phosphorus contamination,
furnace monitoring

Introduction

Quantox tool implementation replaces metal or poly-Si gate MOSCAP C-V for
oxide characterization measurements. This provides fast feedback since Quantox uses a
contactless measurement method immediately following oxidation. Compare this to
MOSCAP CV, which requires ~ 1 week of process and test time. An additional,
somewhat unanticipated benefit is that the contactless test method is more sensitive to
furnace variations compared to MOS-C testing. Enhanced sensitivity arises since post-
oxidation processing no longer obscures or convolves the oxide properties with those of:
poly-Si or metal dep, poly doping, gate etch, or sinter anneal. The primary Quantox
parameters monitored in the MOS fab are mobile ion concentration (Qm) and flat band
voltage (Vib).

See figure 1 for system schematic.

!Process Engineer, Texas Instruments Incorporated Dallas, TX 75243.
“Diffusion Section Manager, Texas Instruments Incorporated, Dallas, TX 75243.
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Figure | — Keithley Quantox Oxide Characterization System Schematic
Quantox Principle of Operation

The Quantox technique is referred to as corona oxide semiconductor (COS) and is
analogous with the metal-oxide-semiconductor (MOS) system. COS uses deposited corona
charge to bias the capacitor rather than an physical contact (via deposited gate material). In
the former case, controlled charge deposition (from the corona source) controls the bias,
permitting a complete sweep from inversion to accumulation. The COS system functions
as a low frequency C-V plotter because the system remains in thermal equilibrium through-
out the measurement, i.e., minority carriers and interface traps are able to follow the slow
changes in corona charge. Much of the parameter extraction derives from the charge-sur-
face voltage-surface photovoltage data (Q-V-SPV). The reader is referred to references
[1-3] for a thorough description of the technique.

Flatband Voltage Determination (Vfb)

Flat band voltage (Vib) is determined by first depositing charge and measuring both
surface photovoltage and surface potential until a null photovoltage is detected. At this
point the flatband condition has been reached.

Mobile Ion Concentration Determination (Om)

The delta surface voltage before and after annealing under a low electric field is
proportional to the mobile ion concentration (Qm). Details of the biasing and heating
sequence are in the aforementioned references.

Interface Trap Density and Other Parameters

Additional Quantox measurement capabilities include: electrical dielectric thickness,
interface trap density (Dy), total charge (Qror), near surface doping , and generation or
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recombination lifetime. Many parameters are extracted from the Q-V-SPV curve and are
wholly analogous to the same parameters measured via the traditional MOS-C technique.
Figure 2 shows an example of the measured Q-V and Q-SPV curves from which Dit, Tox
and Vb are determined.

In routine furnace control of the fab, only VFB and Qm were monitored. It was in
this routine monitoring that the fab observed significant shifts in VFB for several “tank
drive process™ furnaces. Tank drive furnaces are used to perform a high temperature
diffusion and activation of implanted phosphorus and boron that form P and N-well
structures.
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Figure 2 — Quantox Q-V and SPV-Q Measurement Curves.
Monitor Implementation

Quantox measurements were performed on the same oxide structure for all samples
tested. The starting substrate was P <100> CZ silicon, 8-10 ohm-cm with low bulk
oxygen concentration. Oxidation of these samples was performed in a vertical furnace
using a special wet oxidation recipe. The oxide thickness target was 1000A. Following
oxidation, the samples were measured using MCLT followed by Quantox testing. Three
sites were tested per wafer with Qm, Vib, Dit and generation lifetime being measured.
Imitial testing established target Vfb values at —1.0 V. Figure 3 summarizes the flatband
voltage behavior for two sets of furnaces in the fab.

The figure also contrasts stable flatband voltage behavior (-1.0 + 0.1V) of thin oxide
furnaces with the unstable behavior of tank drive furnaces, which show larger, erratic Vib.
The shift in Vib could be related to factors such as high interface trap density, leaky
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Figure 3 - Process control flat band voltage for oxidation furnaces: Thin oxide versus
tank drive furnaces.

oxides, or high fixed charge. Analysis of additional measurements on the Quantox helped
to clearly identify the source of this behavior.

Tank drive furnace data was compared to other oxidation furnaces, revealing a few
additional discrepancies. For example, surface doping is typically 1.1E15 cm-3 for all
oxidation furnaces but for tank drive furnaces, an error stating bad doping number (and a
value of 1E18 cm-3) was reported. This was consistent with an N-type contamination
signature because of the nature of the Quantox surface doping measurement. Doping is
measured by first forming a field induced junction. This defines the area of the test region
and isolates it by suppressing lateral diffusion. Then, the test site is pulsed into deep
depletion and both the voltage change across the depletion region and the applied charge
are measured. These values are used to calculate doping. The bad doping density
numbers were consistent with N-type contamination because the Quantox couldn’t form a
depletion region due to the high minority carrier (N-type) concentration in the guard ring
region. In other words, given a surface N-skin, while Quantox is attempting to bias a p-Si
surface into depletion (by depositing positive charge) the surrounding guard ring region
immediately supplies minority carriers (which collapses the junction).

Discussion of Tank Drive Monitor Results

Surface photovoltage measurements revealed a pattern of higher magnitude, negative
SPV in the center compared to the edge of the wafer as shown in Figure 4. (the tool has
the capability to map surface photo voltage across the wafer). The result is a picture
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Figure 4 — Surface Photovoltage Map on Tank Drive Wafer

VFOO5 Lot #8125116

Photovoltage (V)

(@) (®)
Figure S - (a) SPV 3D map of Phosphorus Contamination. ( b) V-SPV curve on a tank
drive furnace.  Note the abnormally large swing in surface photovoltage for site #0.
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of the silicon band bending which would be influenced by n-type contamination. The 3D
SPV map is shown in Figure 5a.

Surface doping and flatband voltage measurements were then repeated on additional
center and edge sites. The V1b results formed a pattern which ranged from aberrant in the
center region of the wafer, to good or normal edge readings. Additionally, the V-SPV
curve on a few sites had a distinctive “kink™ and larger than normal range (see Figure 5b).
In all cases, abnormal flatband voltage and doping data were observed in the center sites
(shaded region of Figure 4). The larger than normal SPV range for the V-SPV sweep is
highly suggestive of the presence of a junction, i.e., an n-type surface contamination.

These data contributed to the hypothesis that we were seeing the effects of
phosphorus contamination. Armed with the electrical signature of phosphorus contamina-
tion, physical characterization via SIMS analysis was performed. The results showed an
obvious phosphorus level difference between the center and edge sites on the wafer as seen
in Figure 6.
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Figure 6 - SIMS Analysis of Suspected Phophorus Contaminated Wafer. The phosphorus
profile confirms that there is about an order of magnitude higher P level in the center of
the wafer compared to the edge.

Corrective Action and Link to Phantom Wafer Fails

Once the high Vb and doping was attributed to phosphorus contamination, the next
step was to identify the root cause. Also, given that the parametric failure occurred on
wafer number five, which is typically the only wafer in the lot underneath a dummy wafer,
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attention was focused on the furnace dummy wafers. Furnace dummies from all types of
furnaces - even phosphorus furnaces - were selected for a special test oxidation run. In this
test, pilot wafers were stacked beneath furnace dummies. A new wafer for Quantox analy-
sis was placed directly beneath each furnace dummy wafer. The wafers were oxidized in a
tank drive furnace with the weekly monitor recipe and then analyzed using Quantox and
SIMS.

The results on the Quantox showed that the phosphorus contamination signature was
achieved on the wafer directly underneath the phosphorus furnace dummy wafer. There
was not much of a difference between samples under other types of furnace dummies. The
phosphorus contamination signature was expected on the tank drive wafer but no flatband
voltage shift was observed. Given that the contamination problem had always been inter-
mittent, this was not too surprising. The change in Vfb and surface doping influenced by
the surrounding furnace wafers is shown in Figures 7-8.

SIMS analysis on the wafers beneath the Phosphorus furnace dummy physically
confirmed the Phosphorus contamination. Also, the same signature of shifted center and
normal edge flatband voltages was observed. These findings supported the theory that the
root cause is Phosphorus contaminated furnace dummies in tank drive furnaces. These
furnace dummies cross contaminate the production wafer directly beneath the dummy
wafer. Due to the furnace loading configuration of these furnaces the wafer in slot 5 of
our cassette is loaded directly underneath a dummy wafer.

Dummy Wafer Control

Dummy Wafer Clean/Change - The final step was follow-up corrective action. The initial
approach was to determine if exchanging old furnace dummies with brand new dummies
would resolve the problem. Therefore one furnace was selected for dummy wafer change
out. Another furnace was selected for dummy wafer cleaning as a more cost effective
solution. We then ran the weekly oxidation test and measured the Quantox wafers. The
results showed improved Vib and surface doping in both furnaces except one test in the
cleaned dummy furnace. This one test showed the bad signature of low Vfb and 1el8
surface doping. See Figure 9.

Dummy Clean Plus Oxidation - Additional dummy wafer preparation was attempted since
dummy wafer contamination was still observed (indirectly via Vib) shortly after dummy
wafer cleaning. The cleaning procedure was modified to include a preprocess oxide
growth step once the wafers were reintroduced to the furnace. This dummy wafer
preparation was only partially successful. The contamination signature was still observed
eventually.

Nitride Coated Dummy Wafers — Finally, nitride coated dummy wafers were used in the
tank drive furnaces. The thought being that autodoping of both pilot and product wafers
could be prevented by using a silicon nitride barrier. However, as before, this method
was only partially successful.



98 GATE DIELECTRIC INTEGRITY

VFB on DUMMY INFLUENCE

i C : :
2l |3 Bl |2 |3
[=
05 +— § — = Z E |
_1 : - —4 —— — -
o E
§ oVvFB
-1 S —— - S— !
2 -t R ——
e —— ]
Figure 7 - Furnace Dummy affect on Vb
Dummy Influence on Doping
1.00E+18 -
1.00E+17 +
1.00E+16

- I I I l

1.00E+14 —— S— S M _J_ I -

Control  Gateox Tank Phos Nitide  Fieldox
Drive Anneal

Figure 8 - Furnace Dummy affect on Surface Doping

Summary of Dummy Wafer Preparation Efforts

Having linked the so-called Phantom Wafer Fails to dummy wafers, several methods
were attempted to eliminate the problem. Frequent change out of old dummies with new
ones was not a cost effective solution. At the same time, all efforts at cleaning or sealing
the dummy wafers eventually resulted in a return to the phosphorus contaminating state.
The problem of dummy wafer effect on product proved difficult to resolve and in fact has

not been. Resolved as shown in Figure 10.
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New and Recycled Dummy Effect on Tank Drive
Furnaces
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Figure 10 - Summary of Wafer Changeout Efforts. Following each observed failure,
some corrective action ,e.g., cleaning the furnace, changing the dummies, etc. was taken.
Flatband voltage drift was still commonly observed for this group of furnaces.



100 GATE DIELECTRIC INTEGRITY

SPC: Voltage Flat Band

4/26 8/31 9/5 9/10

VFB (V)

-1.5 1

-2.5

Figure 11 — Tank Drive Furnace Flatband Voltage Following Corrective Action. Note
the immediate improvement following implementation of modified furnace loading.

Furnace Loading Effects

There is an alternative to normal furnace loading which places a dummy load above
one wafer in each lot. The thermal load can be supplied by another product wafer rather
than a dummy wafer. In this mode of furnace operation, the top position in the furnace
would still be exposed to a non-production wafer. This potential problem was resolved
by placing a monitor wafer in position above the topmost product wafer position within
the furnace. This monitor wafer is changed out more frequently than the dummy wafers
and is better controlled. The resulting flatband chart for the tank drive furnaces is shown
in Figure 11. Although improvement was expected, the magnitude of the improvement
was surprising. Immediate improvement in flatband voltage standard deviation and target
values are apparent. This result further confirmed that dummy wafers were in fact the
root cause of the observed erratic flatband voltage.

In addition, there was a measurable drop in Phantom Wafer fails at parametric which
coincided with the introduction of modified furnace loading. The lessons learned from
fab’s tank drive furnace experience have been fanned out to other furnaces.

Conclusion

The source of a long-time cross-contamination problem was identified using the
Quantox tool for furnace monitoring. A Vib shift and bad doping number on the Quantox
led to identifying the root cause of Phosphorus contamination. SIMS confirmed higher
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phosphorus concentration. These results confirm the value of such a tool for rapid
feedback and routine furnace monitoring.

By using the Quantox, we were made aware of a problem with our furnace
processing and were able to verify the corrective action. Valuable insight was gained into
a contamination source which had not been properly accounted for. The fact that we were
unable to develop a reliable, inexpensive dummy wafer cleaning procedure was not at all
expected. We therefore conclude that dummy wafers are an uncontrolled source of
process variation and care must be taken to minimize their impact on product. One cannot
assume that they are mere passive thermal loads. An alternate furnace loading method
was eventually implemented in order to resolve the problem.
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Abstract: The contribution of silicon starting material to device yield potential via gate
oxide breakdown performance has grown in importance with the continually increasing
levels of device gate area. Gate oxide integrity (GOI) testing is applied in silicon wafer
manufacturing to determine the material-related capacitor defect density. GOI testing is
used as a research tool and as part of a standard test set for evaluating and qualifying
process changes from crystal pulling through final wafer cleaning. GOI measurements
are also used to monitor finished wafer product quality. Other parallel material
measurements are made for comparison and examined for correlation with GOL
Applications and results of GOI measurements in silicon wafer manufacturing are
reviewed.

Keywords: silicon, oxide breakdown, gate oxide integrity, crystal originated pits or
particles (COPs)

Introduction

The influence of silicon wafers on GOI has become a topic of intense interest in
recent device generations. Advanced devices with sufficiently large gate oxide capacitor
area can exhibit sensitivity to the starting material-related GOI defect density depending
upon the defect characteristics of the wafer and the oxide thickness used in the
application. The awareness of the silicon-related GOI defect density is reflected in the
challenging GOI defect density goals for starting material in the 1997 National
Technology Roadmap for Semiconductors [1]. The GOI influence of polished wafer
starting material is strongly related to the density of vacancy-related point defect
agglomerates from crystal growth [2]. The vacancy-related agglomerates intersecting the
wafer surface are partially detected and not accurately separated from particles in laser
light scattering surface inspection as light scattering events. These light scatterers are
commonly referred to as crystal originated pits or particles (COPs) [3]. The vacancy-
related agglomerates can also be detected as flow pattern defects (FPDs) in decorative
etching. Polished wafers with fewer or no vacancy-related point defect agglomerates,
and epitaxial wafers with a complete absence of these defects have low GOI defect

IResearch Engineer, Technology Department, MEMC Electronic Materials Inc., 501
Pearl Drive, St. Peters, MO 63376.
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densities. Example data are presented later.

The aim of GOI measurements in silicon materials fabrication is to determine the
material-related GOI defect density and identify the processes that have an influence.
GOI testing has been used extensively as a research 100l to measure responses to changes
in the crystal pulling process. The influence of the wafering, polishing, and cleaning
processes on GOI must also be taken into account in order to understand clearly the
signals from crystal growth related defects. GOI testing is applied throughout the silicon
manufacturing process to test new processes, and process and equipment changes. The
GOI test is commonly applied after thermal simulations of IC fabrication processes to
determine responses to oxygen precipitation. GOI sampling is also performed to monitor
the finished product. GOI testing is done in conjunction with the measurement of other
material parameters such as local light scatterers, micro-defects, metallics, surface
roughness, and others.

Capacitor Fabrication, Testing, and Data Analysis

Simple polysilicon gate MOS capacitors are fabricated using the following
process flow:

Capacitor Fabrication

Gate Oxidation - 200 angstroms nominal thickness

Polysilicon Deposition — 4000 angstroms nominal thickness

Polysilicon Doping — POCI13 furnace doping

Capacitor Pattern — varying capacitor areas

Polysilicon Etch

Backside Contact — oxide removed and backside metal deposited if needed for
lower resistance contact

This simple capacitor process flow forms planar gate oxide capacitors. MOS capacitors
of varying areas are fabricated. The focus of this GOI testing is to determine the material
related GOI defect density so large area capacitors are tested. The capacitor areas are
typically in the 0.1-0.4 cm? range. On a 200mm wafer approximately 150 capacitors are
tested in a pattern that covers most of the wafer. The capacitor area and the number of
capacitors tested, along with the capacitor preparation influence, ultimately determines
the defect density resolution for the material. Using Poisson’s statistics, Figure 1 shows
the calculated relationship between the capacitor area and defect density resolution for
varying levels of population defectivity.

The defect background added by the capacitor preparation process is monitored
by adding epitaxial wafers to a GOI test batch. Epitaxial wafers are not subject to the
GOl influences of crystal point defect agglomerates or the potential polishing-related
surface effects as on polished wafers. Figure 2 illustrates the use of epitaxial wafers used
as preparation monitors by comparing GOI yields in a sequence of evaluations of
conventional vacancy-rich polished wafers. The epitaxial wafers essentially provide a
“perfect” GOI reference from which to identify preparation induced defects.
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Figure 2 —~ Monitoring capacitor preparation influence with epitaxial wafers.

The primary electrical test is a voltage ramp test. The linear ramp rate is
nominally set at 0.5 V/sec. Judgement of the breakdown condition is set at either a fixed
current density limit (soft breakdown) or at the destructive breakdown point. The
purpose of the test is to resolve the low to medium electric field failures caused by crystal
point defect agglomerates. These defects have not been observed to exhibit time
dependent breakdown behavior so the time dependent dielectric breakdown tests (TDDB,
QBD) are not commonly applied. They may be necessary when the focus of
material-related GOI testing shifts from micro-defects to other phenomena.
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The current-voltage characteristic is recorded during the ramped voltage test and
is compared against the expected Fowler-Nordheim (FN) tunneling current characteristic
for the oxide thickness under test. Shifts in the current-voltage characteristic from the
expected tunneling current are indicative of surface characteristics that are not micro-
defect related. A current-voltage characteristic consistent with expected FN tunneling is
a condition that must be met in order to attach significance to the distribution of oxide
breakdown fields.

Data analysis methods are aimed at determining the capacitor defect density as a
function of field or stress level, and separating different modes of oxide breakdown.
Distributions of breakdown fields are transformed into Weibull plots and defect density
estimates using Poisson’s statistics:

Y(E) =e*~(A*D(E)) ¢y

where Y(E) is the yield at some defined electric field level, A is the capacitor area, and
D(E) is the capacitor defect density at some defined electric field. The applications of
these statistical methods for GOI data analysis are described in detail elsewhere [4].

An example wafer output from the ramped voltage test is shown in Figure 3 for a
vacancy-rich pohshed wafer. The wafer was tested with a soft breakdown current density
limit of 1 ma/cm®. The plot shows the typical elements examined in a ramped voltage
test (clockwise from top-left): 1) breakdown field map, 2) tunneling current scatterplot
showing the last prior to reaching the current density limit versus the solid line showing
the predicted Fowler-Nordheim tunneling, 3) histogram and cumulative failure plot of the
breakdown fields, and 4) a Weibull plot of the breakdown fields.
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The influence of the oxide thickness on oxide defect density has been reported
previously [5]. A gate oxide thickness of 200 angstroms is used to ensure that the test is
sensitive to the material defects while remaining in a technically relevant oxide thickness
range. Tests continue in order to determine the impact of oxide thickness on oxide defect
densities for crystals grown under conditions that result in varying levels of vacancy-
related defect agglomerates. Recent comparisons of oxide defect density between 200
and 50 angstrom gate oxides for wafers from the same crystals are reported in the next
section, and will show that 200 angstrom oxide is sensitive to the vacancy-related defects
while 50 angstrom oxide is not.

Applications of GOI Measurements
Crystal Growth

As discussed earlier, the influence of crystal growth related point defect
agglomerates has been the main area of GOI research. A review of these point defect
phenomena during crystal growth is covered elsewhere [6]. GOI defect densities have
been correlated with the presence of vacancy-related defects detected as COPs. Many of
the COPs are too small to be detected at the current size threshold of laser inspection
systems. Repeated SC1 cleans enlarge the COP related light scatterers to the point where
they can be detected and better separated from particles in laser surface inspection.
Experiments to relate GOI with 200 angstrom gate oxide and COP levels have been
performed using CZ wafers grown and annealed under various conditions to achieve
varying COP densities. Figure 4 shows the correlation between capacitor defect density
and light scatterers from the initial polished wafer laser inspection. Figure 5 shows the
correlation between capacitor defect density and laser inspection after the polished wafers
were processed through four extended SC1 cleaning cycles. Note the excellent
correlation between the number of COPs and the capacitor defect density with the
enlargement of the COPs after the additional SC1 cleaning cycles. Correlations have also
been established between GOI and vacancy-related flow pattern defects highlighted by
decorative etching.
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Depending on the crystal growth conditions a wafer can be completely of the
vacancy point defect type, the interstitial point defect type, or contain both. Interstitial
defects do not limit the GOI yield but can create junction leakage related yield issues in
device fabrication. Oxide breakdown maps an effectively highlight the presence of a
within wafer pattern when there is a point defect boundary between vacancies and
interstitials. The oxide breakdown pattern corresponds well with COP patterns detected
by light scattering after extended SC1 cleans.

GOI comparisons of wafers made with different crystal pulling processes are
made routinely. An example of such a comparison is shown in Figure 6 for a 200
angstrom GOI test. Capacitor defect densities were calculated from the distribution of
breakdown fields. The varying COP levels in the CZ materials were achieved by varying
the crystal pulling and cooling rates. Epitaxial wafer results are also plotted for
comparison in Figures 6 and 7. Note the strong sensitivity of capacitor defect density to
the COP level for the 200 angstrom gate oxide. The epitaxial wafer and the CZ wafer
with no COPs exhibit essentially the same performance. Wafers from the same set of
crystals were also tested at an oxide thickness of 50 angstroms and the resulting defect
density plot is shown in Figure 6. The 50 angstrom gate oxide did not exhibit a
measurable sensitivity to the varying COP levels. The capacitor defect density resolution
is estimated to be approximately 0.2 defects/cm? for the number and area of capacitors
tested for both oxide thicknesses. These results are consistent with other reports of
similar experiments {7]. Models have been proposed to explain the decreasing vacancy-
defect sensitivity of thinner gate oxide [8].
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Wafer Processing

The influences of the wafering, polishing, and final cleaning processes on GOI
have not been studied as extensively and are not as well understood as the crystal
contribution. The wafer processing has been developed such that no GOI influence is
normally detected above the crystal limited background in the 200 angstrom ramped
voltage test. When crystal related defects are sufficiently reduced, the GOl influences
related to other characteristics of the wafer may be found. Factors such as surface
microroughness and metals do not have degrading effects on GOI within normal bounds
of modem silicon material. Conditions can be forced by intentional contamination or
intentional roughening of the surface that will degrade GOIL

By processing epitaxial wafers, expected to have very low GOI defect densities,
through wafer processes such as polishing and cleaning the GOI degradation from those
processes can be monitored. The characteristics of these processes have been developed
so that there is typically no GOI degradation associated with them. Monitoring the GOI
influence of these processes, though, can help to identify upset conditions that degrade
GOIL. GOl tests are part of the standard set of tests used to qualify changes in the wafer
processes.

An example of the surface influence on GOl is illustrated in an example of
epitaxial wafers that had experienced degradation haze while stored in a wafer cassette.
The haze was determined by laser surface inspection. The GOI response for wafers
tested with the hazed surface condition showed a shift in the current-voltage behavior
with the onset of tunneling current at a much lower voltage for the same oxide thickness.
Oxide thickness was measured to be normal both optically and electrically. Because of
the shift in the current-voltage characteristics the breakdown fields judged at the soft
breakdown current density limit appeared to have shifted in the associated breakdown
field distributions. By re-cleaning a separate set of wafers from the same batch with the
identical surface haze condition and then performing the GOI test, it was demonstrated
that the surface condition causing the shifted current-voltage behavior was easily
removed, and the current-voltage curves and the breakdown field distributions returned to
normal. This type of removable surface influence does not represent a true GOI defect
and does not influence the gate oxide performance in IC fabrication. These type of
surface influences highlight the importance of first examining the current-voltage
characteristic against expected tunneling current behavior before attaching significance to
the distribution of breakdown fields.

Product Monitor

GOl testing is not typically applied to qualify wafer shipments. Other material
parameters are measured to determine the suitability of wafers for shipment. GOI testing
is applied routinely to a sampling of product wafers in order to monitor performance and
identify any upset conditions relative to an established GOI performance baseline that
may not be captured by other material measurements.
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Designing GOI Experiments

GOI experiments are routinely conducted to test process responses. In order to
avoid uncertainties that will make interpretation of results difficult, these experiments
must be carefully designed. Comparative tests are necessary to accurately measure the
GOl influence of a process change. When testing a process change, such as polishing
slurry A versus slurry B, the test wafers must be from the same crystal and crystal
position. They ideally have been processed in the same batch through all prior and
subsequent process steps, and then evaluated in the same GOI test batch. The potential
GOI signals can be further amplified by using an epitaxial or other similar “perfect” GOI
type wafer. This enables the test to have maximum sensitivity to any degrading effects of
the variables being tested, and to minimize the noise from other factors that influence
GOI and may not be completely homogeneous within the test wafer set.

GOI Challenges

Silicon wafer-related GOI sensitivity has driven silicon wafer suppliers to develop
wafers with lower and with zero vacancy-related defects. New crystal processes have
been developed that completely suppress the formation of GOI degrading point defect
agglomerates resulting in CZ wafers that have GOI performance equivalent to epitaxial
wafers. Recent data, including results reported here, question the sensitivity of thinner
gate oxides to the vacancy-related defects. A more complete understanding of thin gate
oxide material sensitivities and a physical model that describes the influence of COPs on
oxides must be developed. Beyond the crystal-related defects there are also challenges to
understand the degree to which other wafer properties such as the smoothness and purity
of the surface will influence thin oxide GOL

Additional challenges include measuring wafer GOI performance against industry
roadmap goals. Detection limit capabilities as a function of capacitor size and number of
capacitors / wafers tested have to be assessed. Ultra-thin oxide capacitor preparation and
testing may also be a challenge to silicon wafer suppliers.

The author gratefully acknowledges the following for their contributions to this
work: Jeff Binns, Alan Wang, the St. Peters Applications Laboratory staff, and Gabriella
Borionetti, Francesco Bonoli, and Piero Godio of the Novara Applications Laboratory.
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Abstract: Gate oxide integrity (GOI) testing is a valuable tool for the characterization,
development and optimization of tailor-made silicon (Si) substrates for the integrated
circuits industry. Different Si substrates with various numbers of grown-in defects have
been evaluated using charge-to-breakdown measurements. Yield and defect density
analyses are studied for oxide thicknesses in the range from 40 nm down to 5 nm. The
sensitivity and impact of grown-in defects, here predominantly crystal-originated
particles (COPs), for different material groups on gate oxide reliability are shown in
detail. In addition, results are presented on gate oxide degradation due to intentional
metallic (Ni, Cu, Fe) contamination of various wafer types.

Keywords: gate oxide integrity, silicon, crystal originated particles (COPs), metallic
contamination, nickel (Ni), iron (Fe), copper (Cu), oxide thickness

Introduction

Gate oxide integrity (GOI) testing is a powerful technique for material and
process characterization for both integrated circuits manufacturers and Silicon (Si)
substrate suppliers. Crystal and surface properties reflect themselves in the reliability of
gate oxides. It is known that grown-in defects such as voids in bulk Si delineated as
crystal-originated particles (COPs) after prolonged SC1 cleaning (NH,OH/H;0,/H,0)
negatively affect the gate oxide breakdown behavior. Gate oxide failures yield valuable
information for the optimization of crystal growth parameters and the related role of
defect structures. Furthermore, the dependence of GOI on the thermal history of an ingot,
process technology (e.g. gate dielectrics, gate materials, cleaning), and the transition from
vacancy-rich to interstitial-rich material are key issues to increase integrated circuit (IC)
performance and device yield [/].
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This paper examines the use of gate oxide integrity measurements as a method of
monitoring substrate related defects and developing advanced Si crystals. Wafers were
selected from ingots which had been grown with different cooling rates, thereby varying
the size, number, and distribution of the crystal-originated particles (COPs) present in the
wafer [2]. By also changing the thicknesses of the gate oxides, it is possible to study the
sensitivity of GOI to substrate defects.

Insidious heavy metal contaminants, such as iron, nickel and copper can
detrimentally affect the performance of devices fabricated on silicon wafers [3,4]. The
effect of iron, nickel and copper contamination on the gate oxide integrity for different
substrates and different gate oxide thicknesses was investigated.

Experiments

All of the samples used in this study were boron-doped p-type wafers with a (100)
orientation. Three basic types of wafers were used: polished 200 mm Czochralski grown
(CZ) and 150 mm float zone grown (FZ) substrates, and 200 mm epitaxial p/p+ wafers.

Additionally, contamination experiments were performed on 150 mm FZ and 150
mm p/p+ epitaxial wafers. These wafers were intentionally contaminated with Ni, Cu and
Fe in the range of 6 x 10" at/cm? to 2 x 10" at/cm? by a well defined spin-coating
method. As a reference, a blank solution was spun on a control wafer. After
contamination, a drive-in step thermal cycle was done in an argon atmosphere at 800°C
for 30 min for the Ni and Cu wafers and at 1000°C for 30 min for the Fe wafers. The
cooling rate was about 50°C/min. in all cases. Each test group was run in a separate
thermal cycle to minimize cross contamination effects. After a modified RCA clean,
metal oxide semiconductor (MOS) capacitors were fabricated with an oxide thickness of
25 nm.

In a further contamination experiment, polished 200mm CZ wafers were spin-
contaminated with 5 x 10" at/cm® Ni. Afterwards these wafers were subjected for
several hours to a thermal cycle which simulated a typical CMOS process. Again, the
wafers underwent a modified RCA clean and MOS capacitors were fabricated. In this
case, however, the MOS capacitors had oxide thicknesses of 17 nm, 7.5 nm and 5 nm.

The MOS capacitors used in all of the measurements were prepared and measured
in the same way. Oxides were grown on the sample wafers to the desired thickness using
a dry oxidation process. The 8 mm? gate areas were made of phosphorus doped poly-
silicon. The gate oxide integrity measurements were performed by testing 100 capacitors
on each wafer using the gate injection mode.

A current density was gradually stepped from J = 1 pA/em? (electric field
E <5 MV/cm) to monitor early breakdowns, up to a maximum value (E > 12 MV/cm) to
detect intrinsic gate oxide failures, Breakdown is defined to occur when the monitored
voltage dropped by more than a preset amount between successive measurements. The
total charge density to breakdown Qpq is determined by the time integral of the injected
current density. Assuming a Poisson distribution of defects, the wafer’s defect density at
a particular charge density, D(Quq), is calculated using the following equation [5]
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where Ngijeq is the number of capacitors which failed below the specified Qbd value, Niga
is the total number of capacitors tested and Ay the gate area. Typically, for defect
density calculations, Qpg = 0.1 C/cm?. In addition, a yield is calculated by simply
determining the percentage of capacitors which fail below a specified Qpg value. For
yield calculations, a Qpg of 5 x 10 C/cm? is used. This lower Qyq value for the yield
calculation corresponds well to failures below 10MV/cm extracted from time zero
dielectric breakdown (TZDB) measurements.

Results and Discussion

Wafers from CZ grown ingots with different, decreasing, cooling rates, denoted
by CZ1 to CZ4, and wafers from a very slowly pulled and therefore interstitial-rich ingot,
labeled CZ5, are compared with epitaxial and FZ wafers for an oxide thickness of 25 nm.
Ingot CZ1 was the fastest cooling, while ingots CZ2, CZ3, and CZ4 all cooled for
monotonically longer times. The yield and defect density results are summarized in
Figure 1a and 1b, respectively. The wafer yields increased with cooling time; from CZ1
with a nearly 30% yield to CZ3 and CZ4 with yields around 65%. Wafers from CZS5, the
FZ ingot, and the epitaxial wafers all showed yield values around 99%. The defect
densities D(Qpq = 0.1 C/em?) correlated well with the gleld data. The CZS, FZ, and
epitaxial wafers all had defect densmes below 0.5 cm™; wafers from CZ1 had the highest
defect density of around 17 cm” 2 while CZ2, CZ3, and CZ4 were all about 6 cm™ to 10
cm™. The COP density evaluated by light point defect (LPD) measurements (> 0.12pm)
after 4h SCl treatment correlates well with the GOI defect density D(Quq) calculated at
Qua=5x 10 C/em®. The COP densities of FZ and epitaxial wafers are about two orders
of magnitude lower than CZ4. This suggests that it is the very low COP density that is
responsible for the high yield in FZ and epitaxial wafers as well as in the interstitial rich
material CZ5. Simulations taking into account the thermal history and the intrinsic point
defect spectrum confirm the important role of the COP density for GOI {6]. In Figure 2,
the COP density distribution is plotted as a function of the void size for CZ1 to CZ4. The
detection limit for COPs in a LPD counter after SC1 treatment is approximately 0.12pm,
as indicated in Figure 2. A four-hour SC1 treatment can reveal COPs so small that even
those present in CZ1 can be measured. The integral of the COP density distribution over
the different void sizes is comparable to the measured COP density. With increasing
ingot cooling rates, the COP density distribution shifts to smaller void sizes with
increasing peak values. The high COP density therefore results in a low yield and a high
defect density.

The Weibull distributions for GOI measurements made on capacitors with
different oxide thicknesses on CZ3 are shown in Figure 3. For oxide thlcknesses between
5 nm and 25 nm the cumulative percentage of failures at Qug = 0.1 C/cm? are nearly
constant, indicating that these samples have the same defect densities. The strong
increase in the slope of the curve for the 40 nm thick gate oxide between 0.01 C/cm? and
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0.1 Clem? is not fully understood. The sharp increase in the slope of the Weibull plots
around 1 x 10 C/cm? is due to gate oxide failures caused by COPs.

For a gate oxide thickness less than 7.5 nm, the influence of COPs on oxide
breakdown is significantly reduced. This may be due to local thinning of the gate oxide at
the COP site that is more pronounced for thick gate oxides, leading to fewer COP failures
in capacitors with thinner gate oxides [7,8]. Figure 4 shows the same oxide series for
ep1tax1al wafers. Evidently, nearly no COP failures are observed around Qpg=1x 10
Clem? leading to a high yield and low defect densities.

The sharp increases in the slope in both Figure 3 and Figure 4 beyond Qpg = 0.1
C/cm? indicate intrinsic gate oxide failures. The Qg value where 90 % of the capacitors
have failed has been taken as a measure of the intrinsic oxide strength. The results are
summarized in Figure 5, where the 90 % Qg value is plotted as a function of oxide
thickness. Starting at an oxide thickness of 5 nm, the Qg values first increase, reaching a
maximum at 12.5 nm, and then decrease. Both CZ and epitaxial material show the same
behavior and peak position. This effect can be explained in the following way: as gate
oxide thickness increases, the influence of roughness at both the phosphorus doped poly-
silicon/Si0; and the SiO,/Si interfaces decreases, resulting in higher intrinsic Qug values.
It is believed that the Si surface properties and not the Si bulk play the dominant role for
thin oxides (< 10 nm). The decrease of Qg in Figure 5 for thicker oxides can be
explained by the incorporation of more and more Si into the oxide during the gate
oxidation, leading to a weaker intrinsic oxide [9]. Both effects may lead to a peak in the
Qba value for a certain oxide thickness.

The remainder of our experiments involved the influence of metallic
contamination on GOL In the first experiment, we studied the influence of iron, nickel
and copper on the gate oxide integrity using a gate oxide thickness of 25 nm. The FZ
wafers had no external gettering on the wafer backside in order to fully evaluate the
effect of the contamination. Furthermore, the oxygen content was less than 2 x 10 16
at/em’ and should thus not contribute to any internal gettering effects. The results are
presented in Figure 6. Our experiments revealed that iron is by far the most serious
contamination metal affecting GOI yield. Nickel affects GOI less than iron but is stiil
highly detrimental, whereas Cu contamination is much less critical for GOI. After
removing carefully poly-crystalline Si and the gate oxide from the wafers and etching
them for 2 minutes in a Wright etchant, Ni haze was found under the GOI structure. We
therefore suggest that it is these nickel silicides that mainly degrade GOI yield [4].

The impact of iron and nickel contamination on gate oxide breakdown for 150mm
p/p+ epitaxial wafers is shown in Figure 7. The p/p+ epitaxial wafers can getter metal
impurities due to the heavily boron doped (10-15 mQcm) silicon substrate and
mechanical backside damage. Iron and nickel contamination affects the GOI yield on
these wafers much less than on the FZ wafers with no gettering sites. GOI measurements
are thus a sensitive technique to examine different gettering mechanisms in silicon
wafers. The small influence of the metal contamination compared to virgin wafers near
the intrinsic breakdown is not due to metal silicide formations under the GOI structure
because, after removing the polycrystalline Si and oxide layers, we did not find any metal
haze afier preferential etching.
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In a second set of experiments, MOS capacitors with different gate oxide
thicknesses were fabricated on Ni contaminated (5 x 10'2 atoms/cm?) 200 mm CZ wafers.
The results are shown in Figure 8. Note that F is the cumulative percentage of failures,
Niailed/Neotal- The nickel contamination strongly affects the GOI behavior at an oxide
thickness of 17 nm. Reducing the oxide thickness leads to a reduction in the influence of
COPs and also of the Ni contamination. At 5 nm the contamination is far less critical than
at 17 nm. This suggests that ultra-thin gate oxides are much less sensitive to COP failures
and Ni contamination. For 5 nm gate oxides pre-breakdowns start to occur for Qug values
below 1 x 108 C/cm?. These might also partially be a result of the whole furnace process
itself and be even more evident for gate oxides thinner than 5 nm. Furthermore, it was
reported that so-called A-mode failures strongly increase below 7 nm [10].

Conclusions

It has been demonstrated that the COP density in Si crystals is a crucial factor for
the gate oxide integrity. In the gate oxide thickness range of 40 nm down to 5 nm, the
negative impact of COPs on the electrical breakdown at Qpg = 5 x 10™ C/cm? strongly
decreased. This can be qualitatively explained by the interplay of interfacial and bulk
propetties contributing to the intrinsic oxide quality.

Contamination studies showed that the gettering efficiency in the Si substrate also
determines the influence of metals onto gate oxide reliability. Investigations of
intentionally contaminated CZ material with thick and thin oxides enabled us to
distinguish between contamination and COP-related breakdown.
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Abstract: The continued aggressive scaling of device dimensions presents serious
challenges in transistor design and process integration. In particular for the gate
dielectric, the reduction in equivalent oxide thickness challenges the limits of current
process and equipment technologies.  Single-wafer oxidation technologies are
fundamentally different from their batch furnace counterparts and can address these
challenges. The differences in single-wafer reaction chemistry are responsible for
significant improvements in gate dielectric integrity. Rapid thermal processing also
makes possible high levels of nitrogen incorporation, while maintaining this reliability
improvement. These improvements will be increasingly important for the next several
device generations.

Keywords: gate dielectrics, single-wafer, wet oxidation, nitrided oxides
Introduction

The advancement of device capability and speed requires the continued aggressive
scaling of the gate dielectric. Table 1 shows the 1997 Semiconductor Industry
Association (SIA) targets for gate dielectric equivalent oxide thickness equivalent oxide
thickness as a function of time and device technology generation. Also shown are the
advanced equivalent oxide thickness requirements driven by the most advanced device
manufacturers which tend to lead the SIA roadmap by a full generation.

Table 1.- SI4 Gate Dielectric Roadmap

Calendar 1997 1999 2001 2003 2006
Technology (um) 025 018 015 013 0.10
Eg. Oxide Thick (nm) 4.0-5.0 3.0-4.0 2.0-3.0 2.0-3.0 1.5-2.0

Advanced Eq. Oxide Thick (nm) 3.0-4.0 2.5-3.5 2.0-3.0 1.5-25 <1.5

"Thermal Processing Organization, Applied Materials, 2727 Augustine Drive, Santa
Clara, CA 95054
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This roadmap presents difficult challenges to gate dielectric performance, most
significantly for reliability and tunneling leakage. Recent research has shown
fundamental reliability may limit SiO,-based dielectrics to 2.6+0.15 nm, as shown in
Figure 1 [1]. This indicates a new or fundamentally more reliable dielectric will be
required, otherwise the scaling targets for gate thickness and operating voltage may not
bé met. This projection was based on oxides grown in a conventional furnace, and was
independent of oxidation ambient for O,, N,O and NO gases. However, we will show
that growth conditions in a single wafer processing chamber differ from batch furnaces
and produce consistently more reliable oxides for the same thickness. This will extend
use of Si0, below the 26 nm limit.

=T T T — T
[ —=— breakdown model prediction
= == S|A roadmap
3 - -
2r ”~
g - 71997
> 250 nm
i 2006 130 nm b
100 nm, - -
1 ad - J
n-FET, 0.1 cm®
10 year lifetime, 100 ppm fail rate
O R — A 4 1
2 3 4
t,, (nm)

Figure 1-Reliability Limits of SiO2

Leakage is also a limiting factor in gate dielectric scaling. Figure 2 shows gate
leakage as a function of thickness [1]. Based on a maximum tolerable leakage current of
1 A/cm?, the minimum thickness is 21 nm, again indicating scaling limits will be reached
at the 0.13 um technology node.

Again, single wafer oxidation can extend SiO,. Recent work has demonstrated
reduced leakage for films grown by a unique single-wafer oxidation process called Ir-Situ
Steam Generation (ISSG) [2]. This novel process will be described in detail.,
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Figure 2 - Gate Leakage versus Thickness

Finally, single-wafer technologies offer improvements in ultra-thin film process
control and flexibility for integration of multiple process steps to address more advanced
dielectric solutions. This is useful in engineering nitrogen profiles in SiO,, as well as
creating stacked or graded dielectrics with higher dielectric constant materials such as
silicon nitride.

This paper will focus primarily on 0.18 - 0.13 um gate dielectric solutions in the 25-
35 nm range processed in the Applied Materials RTP Centura™.

In-Situ Steam Generation (ISSG)

In-Situ Steam Generation (ISSG) is a unique process for performing steam
oxidation. Typically batch furnaces use an external pyrogenic torch to produce steam. In
the external torch configuration, H, and O, are combusted at atmospheric pressure in
proximity to a hot element or in a hot-wall reaction chamber which ignites the reaction,
producing H,O. The resulting steam is then introduced into the hot-wall furnace tube to
oxidize the wafers.

ISSG is a low pressure process whereby the H, and O, are introduced to the process
chamber directly, without precombustion. Figure 3 shows a cross section of the cold-wall
RTP Centura™. Process gas flows across a rotating wafer heated by tungsten-halogen
lamps. The hot wafer is the ignition source and the reaction between H, and O, occurs at
the wafer surface. The process is kept at low pressures, near 10 Torr, to ensure safety.
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Figure 3 - Gas Flow in RTP Centura

The primary gas reactions in this low pressure process are [3]:
H,+0, —» 20H n
H,+OH—-> H,0+H 2
0,+H - OH+O 3)
H,+0 - OH+H 4)

Using a model of the RTP Centura including temperature and gas flow dynamics,
the primary species at the wafer are found to be Q,, H,, H,0 and O. Figure 4 shows the
H,0 and O components as a function of position as the gas moves across the chamber and
is rapidly heated by the wafer. The reaction rates of each of these species with the silicon
substrate are not known, however we would expect the atomic oxygen to be highly
reactive and we believe it to be responsible for some of the unusual reaction kinetics
observed.
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Figure 4. - Model of Hy/O3 Reaction Across Wafer
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Figure 5 shows the oxide thickness grown during a fixed thermal cycle of 1050 °C,
60 seconds. Oxidation rates typically show a square root dependence on pressure. This
is true for pressures from atmospheric pressure down to 50 Torr (data not shown).
However, near 10 Torr the growth rate suddenly rises to nearly twice the atmospheric dry
growth rate. We believe that this anomalous high growth rate is caused by the atomic
oxygen. At pressures above 20 Torr the mean free path is reduced, leading to more rapid
recombination from O to O,, and the high growth rate disappears.
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Figure 5 - Pressure Dependence of ISSG Growth

In addition to the differences in reaction chemistry and growth kinetics, ISSG
produces fundamentally different film properties compared to conventional dry and wet
oxides. When etched in a dilute HF solution, ISSG oxides have 10% lower etch rate than
dry oxides grown at the same temperature.

This difference in bulk material or bonding structure also improves electrical
performance. ISSG gate oxides have consistently yielded significantly enhanced
reliability over batch furnace oxides. Figures 6 compares ISSG gate oxide reliability to
furnace oxides, both wet and dry, from several independent experiments.



MINER ET AL. ON SINGLE-WAFER GATE DIELECTRIC TECHNOLOGIES 127

100

mFurnace
mISSG
10
E
2
<
° 1
2
o
£
=3
w
0.1
0.01
Customer A Customer B Customer C Customer D

Customer

Figure 6 - Qpg Comparison Between Furnace & ISSG

Consistent improvement in reliability of roughly an order of magnitude has been
demonstrated in multiple tests comparing ISSG with furnace dry and wet oxides as well
as RTP dry oxides.

N,O Oxidation
Oxidation using N,O has been done in both batch and single-wafer systems, and

again the single-wafer process is fundamentally different.

At high temperatures, N,O decomposes. The primary reactions are:

N,O > N,+0 (1)
N,0+0 — 2NO @)
0+0 -5 0, 3)

N,O+0O > N,+0, @)

At oxidation temperatures the N,O decomposition occurs quickly such that in a
batch system by the time the gas has reached the wafers, the ambient is composed of
primarily N,, O,, and NO.

In a single-wafer chamber, such as the RTP Centura, the decomposition occurs at or
near the wafer surface, and therefore the atomic oxygen created in reaction 1 plays an
important role [4-6]. The resulting differences include improved reliability, reduced
surface nitrogen incorporation, and improved wafer-to-wafer repeatability.

Figure 7 shows a distinct improvement in charge-to-breakdown of oxides grown in
N,O when compared to both RTO and furnace oxides [7]. This result has been verified in
several experiments.
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N,0 oxides have been shown to inhibit boron penetration from p+ polysilicon gates.
In a recent demonstration N,O was found to be a more effective barrier to boron
penetration than an NO annealed oxide despite having a lower peak nitrogen
concentration [7]. The nitrogen profiles in Figure 8a show a typical broad profile for the
N,O-grown sample versus the NO-annealed sample. Figure 8b shows the flatband
voltage change in the capacitance-voltage curves resulting from different levels of boron
penetration after a thermal anneal.
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Higher nitrogen concentrations with still broad profiles and high reliability can be
achieved by reoxidizing NO-grown oxides using either N,O or ISSG. Figure 9 shows

two such profiles.
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Figure 9 - SIMS Profiles of N2O and ISSG Reoxidized NO-Grown Oxides

Conclusions

The unique thermal environment of a single-wafer chamber enables new process
technologies for gate dielectrics. ISSG and N,O oxidation both generate atomic oxygen
during the reaction/decomposition which significantly enhances gate dielectric integrity.

These capabilities will enable the extension of SiO,-based gate dielectrics for next
generation devices as well as providing a reliable base oxide for stacks including higher
dielectric constant materials.
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Conventional CZ wafers. A clear dependence of GOI parameters is observed with
Time Zero Dielectric Breakdown (TZDB) and Time Dependent Dielectric
Breakdown (TDDB) measurements. Using multisource measurement units can
perform high resolution GOI measurements. Time Dependent Dielectric Breakdown
(TDDB) measurements on 5300 MOS capacitors on a 200 mm wafer have been made
successfully with this technique. High resolution GOI measurements, in particular,
make clear the correlation between grown-in defects and oxide defects in CZ wafers.
It is also demonstrated that this technique is highly suitable for the evaluation of

various types of near-perfect silicon, which inherently has no defects.
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Introduction

Gate oxide integrity is one of the most critical concerns for sub-micron CMOS
devices, and it is most important as a quality issue of silicon wafer materials. It is
now widely known that grown-in defects incorporated during CZ crystal growth
affect seriously the GOI [/-7]. These grown-in defects are measured with various
characterization techniques (SC1cleaning [8, 9], Secco etching [10], Laser Scattering
Tomography [/, 12]), and are called by different names (Crystal Originated Particle
(COP), Flow Pattern Defect (FPD), and Laser Scattering Tomography Defect
(LSTD)).

As the importance of grown-in defects on GOI is widely accepted, many efforts
have been given to decrease the grown-in defects by applying various techniques. It is
known that epitaxial layers grown on CZ silicon have no grown-in defects [/3],
annealing of CZ wafers under non-oxidized ambient, in particular, hydrogen decrease
drastically the grown-in defects at the surface layers [/4]. And as an ultimate method
to make perfect silicon, optimization of the ratio of growth-velocity (V) and
temperature gradient (G): V/G is intensively investigated [/5, /6].

In this paper, we evaluate these various near perfect silicon crystals by using
GOI measurement. Both TZDB and TDDB measurement are applied. We have
applied in particular high resolution TDDB measurement to see the exact correlation
of the distribution of grown-in defects and GOI characteristics.

Experimental

We have measured five kinds of Silicon wafers: Pure Silicon™[/5](Perfect
Silicon), p/p+ epitaxial, Hydrogen Annealed, Low-COP CZ, Conventional CZ. The
specifications of the wafers are shown in Table 1. Oxygen concentrations are
specified in Old ATSM.

Figure 1 shows the CMOS simulation procedure, which depends on the kind of
devices and the manufacturer. Figure 2 shows the process sequences of making MOS
capacitor for GOI measurements. After CMOS simulation and removal of sacrifice
oxide, gate oxide with the thickness of 9nm or 25nm were grown by pyrogenjc
oxidation. Figure 3 shows the mask pattern for poly-silicon electrode. We have two
kinds of mask patterns: (a) Conventional, which size is 20mm® for TZDB and 4mm*
for TDDB, and the coverage is 14% and 3% respectively. (b) High resolution, which
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size is 4mm’ and the coverage are 79 %.

Multi Source Measurement Unit (SMU) is used in the measuring systems.
Pascal-based programming, which have various special procedures, make it possible
to measure TZDB, TDDB characteristics. Data analysis was performed using
commercially available spread-sheet-based software. Figures 4 and 5 shows the
measurement protocol of TZDB and TDDB measurement respectively. These are
basically comparable to the E-Ramp and J-Ramp method described in [/7] .

Step delay time of the TZDB measurement is 0.1 second, and voltage step
corresponds to 0.IMV/cm increment of applied electric field. The judgement current
of breakdown in the TZDB measurement is set to not too high current: 10*A/cm’
(20pA for 20mm? gate area) to avoid the measurement error due to the fact that some
capacitors have relatively high resistive paths after the breakdown. However, the
defect-related breakdown field increases with the decrease of oxide thickness, the
separation of intrinsic mode (C-mode) and defect-related mode (B-mode) is difficult
in case of thin oxide [/8]. We continued to increase the voltage until the current reach
1mA which is 50 times larger than the judgement current of TZDB measurement,
after the current exceeded the judgement current (20pA) at 1* run TZDB
measurement. MOS capacitors containing defects break by ImA current during 1*
run, these are detected as A-mode (initially short mode) at 2™ run TZDB
measurement. By using the 2™ run TZDB measurement, we can détect defect-related
mode even in relatively thin oxide.

Final stress of the TDDB measurement is 1 A/cm?. In high resolution
measurement, we used 4 probes and 4 SMU at the same time in this experiment.
Alternatively, the combination of multi SMU (up to 200 channels) and probe card
(20pins) make the throughput of the measurement at least 20 times faster than

conventional measurement.
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Table 1-Sample Specification

Sample Name Sample Specification

Pure Si Resistivity 8~ 12Qcm, Oi~22ppma (Old ASTM),
Particle 8/W (>0.10pum)

Epitaxial P/P+, 11um, Resistivity of epilayer 8~12Qcm,
Resitivity of substrate 0.01~0.02Qcm,
Particle 3/W (>0.13um)

Hydrogen Annealed | Resistivity 9~13Qcm, Oi~23ppma (Old ASTM),
H, annealing, 1200°C, lhrs,
Particle 5/W (>0.131um)

Low COP CZ Resistivity 8~12Qcm, Oi~18ppma (Old ASTM),

Conventional CZ

Particle 35/W (>0.10um)

Resistivity 8~12Qcm, Oi~26ppma (Old ASTM),
Particle 465/W (>0.10pum)

135

Cleaning SC1+8C2

CMOS Simulation Conventional

Oxide Etching HF §

Cleaning SC14SC2

Gate Oxidation 800°C, Pyro 9nm, 25nm

Poly-Silicon Deposition

Annealing 1000°C, 10min
Photolithography
Dry Etching Isotropic

Removal of Resist and Back Oxide

Figure 1. MOS capacitor preparation processes
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Results and Discussion
Conventional GOI Measurement

Figure 6 shows the GOI results of conventional TZDB measurement. We show
here the GOI of two different oxide thicknesses (9 nm, 25 nm). Since grown-in
defects are bulk-related defects, probability of containing defects in thicker oxide
must be larger and the thicker oxide shows worse GOI characteristics. Pure Silicon,
Epitaxial and hydrogen annealed wafers have the best GOI. Low COP wafers shows
poor GOI compared to conventional CZ. In 9 nm oxide, no oxide defects are detected
in all wafers, because of the reason already described. Figure 7 shows the results of
TZDB 2™-run measurement. In the hydrogen annealed wafer, oxide defects are
observed. Furthermore, even in 9 nm oxide, oxide defects are observed except Pure
Silicon and Epitaxial wafers.

Figure 8 shows the GOI results of the Step Current TDDB measurement. As is
expected from the TZDB results, Pure and Epitaxial wafers have the best results.
Defects in the hydrogen annealed wafer are observed more clearly than the TZDB
measurement even in 9 nm oxide. Low COP CZ is still bad in TDDB. It is speculated
that the Low COP crystals were grown under relatively fast-cooling condition
compared to the condition in conventional crystals, therefore, the size of COPs in the
Low COP crystals is smaller but the number of grown-in defects is larger than those
in conventional crystals.

High Resolution GOI Measurement

Figure 9 shows the results of high resolution TDDB measurement. 5300 points
are measured, which needs 30 times longer to measure, but in this experiment, 4
points are measured at the same time. Measuring time is around 20 hours. If we
applied the probe card system, which is under preparation, measuring time become 4
hrs for one wafer.

Figure 10 shows the spatial correlation between grown-in defects which are
measured with OPP (Optical Precipitates Profiler) technique and oxide defects with
GOI measurement. OPP is commercially available defect analyzer which measures
the phase shift of scattered light caused by the crystal defects (grown-in defects are
detected here). There are two discrepancies between OPP defect density and oxide
defect density. One of the discrepancy is that there is a big difference in GOI defect



MURAKAMI ET AL. ON NEAR-PERFECT SILICON

density of Low COP and Conventional CZ, even though no big difference is observed
in OPP defect density. Another discrepancy is the amazing features of the ring-shaped
region which have relatively high density oxide defects in Low COP and
Conventional CZ. In the OPP measurement, defect density is monotonous function of
radius, but oxide defect distribution has a peak at the rather peripheral region. It is
well known that GOI is poor inside the OSF ring, and it is also poor on the OSF ring
after the heat treatment to induce OSF [/9, 20]. Although some OSFs and precipitates
were observed in the Conventional CZ wafer, no OSF and precipitates were observed
in Low COP wafers. Measured defects here by OPP measurement must be not
oxygen precipitates but mainly grown-in defects. We have found that even without
OSF or precipitates that are optically detectable, GOI is poor on the OSF ring.
Physical origin of these discrepancies are not well understood yet, but we speculate
that OSF nuclei (small oxygen precipitates [2/]) or smaller size of grown-in defects
which are not detected with current OPP measurement technique must be important
in GOI characteristics.

We have some oxide defects even in pure and epitaxial wafers as shown in
Figure 11. We cannot exclude the effect of the preparation process of MOS capacitor
at current measurement. But, this high-resolution TDDB measurement must be
powerful tool to see the perfection of silicon wafers in the era of Perfect Silicon that
will come soon.

Conclusions

We have developed high-resolution gate oxide integrity measurement
procedures. By using this TDDB technique, we have taken the precise correlation
between grown-in defects and oxide defects distribution. We find that GOI is poor
not only inside the OSF ring but also on the OSF ring. We speculated that this is due
to OSF-nuclei or small grown-in defects that are not detected with current
measurement techniques. Furthermore, this technique is very suitable for the
evaluation of various types of near-perfect silicon, which have basically no grown-in
defects.
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Qualification of Epi Layers and Interface Properties by an Improved u-PCD
Technique
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Improved p-PCD Technique,” Gate Dielectric Integrity: Material, Process, and Tool
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for Testing and Materials, West Conshohocken, PA, 2000.

Abstract: The microwave photoconductive decay (u-PCD) and the surface photovoltage
(SPV) techniques are proved to be powerful methods in the qualification of
semiconductor bulk materials. They are applied best for standard wafers with
homogeneous material quality. However, both methods have their limitations when
measuring epitaxial layer (epi) wafers or silicon on insulator (SOI) structures. In its
conventional realization the SPV measurement is limited by the active layer thickness. On
the other hand an epi layer grown on highly doped substrate typically does not generate
high enough signal in a p-PCD measurement.

The aim of the present work is the introduction of a new, improved microwave
photoconductive decay technique with sensitivity exceeding that of the conventional
techniques by orders of magnitude. It is shown that such a method is not only able to
provide material quality in case of epi and SOI structures but can help also in the
qualification of interface properties.

Data are presented to show the above statement including maps of contamination
distributions in epi structures.

Keywords: silicon, epitaxial wafer, carrier lifetime, surface/interface recombination
velocity

The recombination properties in silicon show a high sensitivity to the presence of
contamination or structural defects. The surface photovoltage (SPV) and the microwave
photoconductive decay (u-PCD) techniques are widely used to detect contamination in
the industrial practice. The major advantages of these techniques are their noncontact and
nondestructive nature. Furthermore, they are also capable of performing high-speed, high-
resolution mapping of whole wafers.

However, they have serious limitations when applied to layer structures like epi or SOI
wafers. They are essentially unable to resolve variations as a function of spatial depth.
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This limitation is basically due to the fact that generated carriers diffuse out of the volume
of interest.

Junction techniques like Deep Level Transient Spectroscopy (DLTS) [/] have the
advantage that their investigated volume is limited to the space charge region of a
Schottky diode or a pn junction. In such a case information characteristic of a thin layer
can be obtained. In addition to its high sensitivity (detection limits down to 10°/cm’ or
even below) DLTS is also capable of the identification of the impurity in question.
However, this technique has its serious limitations. Being a contact technique it requires
sample preparation like evaporation of a Schottky contact. The actual measurement is
performed as a function of temperature therefore the measurement cycle time extends to
hours.

The room temperature photoluminescence (PL) technique recently has been introduced
for the investigation of carrier lifetime in epi layers. This approach does not require
contact to the wafer and is insensitive to the wafer surface [2]. Nevertheless, this
technique does not have the capability of producing high speed, high resolution whole
wafer map of contamination. Therefore theu-PCD technique still can have its role in the
qualification of epi layers.

Problems of the pu-PCD Technique Applied in Epi Qualifications

A pu-PCD measuring sequence consists of two steps: generation of carriers by a high
intensity laser pulse, and then the detection of the recombination process by microwave
reflection. With the application of short wavelength laser excitation (with short enough
penetration depth in silicon) the carrier generation can be limited to the near-surface
region, i.e., to the epi layer. For example, a 532 nm wavelength green laser pulse
generates cartiers in a depth extended not far beyond 1 um. However, carriers
immediately start to diffuse after generation therefore spreading out of the volume where
they originally have been generated. Depending on the actual structure they even can
reach the bulk material within some ns time. Even if the detecting microwave signal
penetration is limited to the epi layer by the application of high frequency microwaves,
carrier recombination can take place in the entire wafer thickness and the measured time
constant will be determined by the whole volume regardless of which section is
monitored in the measurement [3].

A further complication is that in p/p” or in n/n* structures the heavily doped substrate
has high absorption and only a small proportion of the microwave intensity is reflected
from the wafer. As a consequence, in a conventional u-PCD apparatus a p/p* or n/n*
wafer does not typically generate any detectable signal. To overcome this problem
sometimes special test wafers with low-doped substrates are produced for the evaluation
of the epi-growth process. Apart from the complications that instead of real product
wafers, test structures with different material properties have to be used, one has to
consider the problem of carriers spreading out of the epi to the bulk region. In such a case
the measured ‘effective’ lifetime is determined by the following processes: bulk
recombination, recombination in the epi layer, interface recombination between the bulk
and epi layer, surface recombination on top of the epi and diffusion of carriers between
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different regions. From a single measured time constant it is practically impossible to
separate the contribution of the above components. Moreover the measured value
typically is dominated by bulk lifetime having only minor contribution from the epi
region.

In a p/p* or n/n* wafer there is a potential barrier between the epi with standard
resistivity and the highly doped bulk. This barrier will prevent carrier diffusion to some
extent, i.e., excess carriers are confined to the epi layer. As a consequence, bulk
contribution is decreased considerably so these structures are preferable for epi
characterization once the sensitivity problem is overcome.

The Role of Surface Recombination in Epi Investigations

The major goal of the p-PCD measurement is the determination of the net bulk/epi
lifetime characteristic of material quality. For that purpose bulk/epi recombination should
be distinguished from surface related processes. In case of a bare silicon wafer, however,
surface recombination is typically very fast and therefore dominates the measured
lifetime. More specifically, there is a two-step process: carriers diffuse from the bulk/epi
to the surface, then surface recombination takes place.

In case of a typical epi thickness, the characteristic time of carrier diffusion to the
surface is in the range of some ns. Therefore the expression for the measured effective
lifetime is simplified to the following form:

where

.4
surface — 28

d = layer thickness

S = surface recombination velocity

(For the case of simplicity it has been supposed that surface/interface recombination
velocity on both surfaces are equal.)

We have to note here that the surface due to the small thickness of an epi layer plays a
much more important role in epi lifetime measurements than in case of homogeneous
bulk wafers. Surface recombination velocity actually puts a limit to the highest
measurable lifetime in an epi layer. (see Figure 1).
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Figure 1.- The longest measurable lifetime in an epi
layer in case of different surface recombination
velocities

We can actually conclude that an efficient reduction or at least a proper control of
surface recombination is a key for epi lifetime measurements. Even if surface
recombination is not eliminated completely, it should be kept constant over the entire
wafer surface with a known value. In such a case it can be accounted for finally leading to
the subtraction of net epi lifetimes.

Also with a constant contribution from surface recombination wafer to wafer variation
of epi lifetime could be monitored even if the measured ‘effective’ value is strongly
influenced or limited by surface recombination. A further possibility is that a change in
the epi lifetime can be investigated as a result of a given process like heat treatment or Fe-
B pair dissociation due to illumination. If the surface contribution is not influenced by the
treatment, then this component drops out of comparisons and the net change can be
analyzed in itself. As an example, iron concentration determination easily is performed
even with insufficient but constant surface passivation.

Oxide/Corona Passivation

A good quality thermal oxide is typically a satisfactory surface passivation for standard
bulk wafer measurements. Oxidized wafers therefore are measured by the u-PCD
technique without any sample preparation. However, as mentioned above the
investigation of epi layers put a much tighter limit to the tolerable surface recombinaiion
velocity. It was shown that the application of corona charge on thermal oxide can
improve the passivation efficiency and even surface recombination velocities down or
below 1 cm/s could be achieved [4].

While in standard bulk wafers both (front and back) surfaces should be passivated due
to the fact that carriers usually reach the back surface as well by diffusion, in a p/p* or
n/n* epi structure the potential barrier prevents carriers from reaching the backside of the
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sample. As a consequence, a top surface passivation is sufficient for the investigation of
these structures. The effect of the deposited charge on the measured effective lifetime in
case of p/p* and n/n* oxidized wafers is shown in Figures 2.a. and 2.b.
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Figure 2.a. and 2.b. — Effective lifetime in oxidized epi
wafers as a function of charge deposited on the oxide.
Highest passivation efficiency is reached by accumulation
is both cases: negative charge on p and positive charge
on n material.

It is seen that the best passivation (i.e., longest effective lifetime) is achieved when the
semiconductor surface is driven to accumulation. This probably is due to the fact that in
accumulation minority carriers are repulsed from the surface preventing them from
recombining there. Finally, passivation efficiency, of course, depends on the oxide-silicon
interface. Even in complete accumulation there is still some surface recombination taking
place.

It should be emphasized that even an incomplete but homogeneous interface/surface
recombination velocity makes possible wafer to wafer or region to region comparisons.
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Chemical Surface Passivation on Bare Wafers

There are cases when measurements are required on non-oxidized wafers, especially
when the effect of high temperature thermal oxidation should be eliminated. For the
above purpose an alternate form of lattice termination, namely the chemical passivation
of the surface has been introduced. With the introduction of iodine containing solution
surface recombination velocities comparable to a good quality thermal oxide could be
reached [5, 6].

Improved u-PCD Technique

A standard p-PCD apparatus with a 905 nm infrared and a 532 nm green laser
excitation source and a 10 GHz reflectometer was used for the investigation of epi
characteristics. The antenna design was modified to confine microwave into the volume
of interest. The details of the actual arrangement are to be published elsewhere. The result
of the above improvement is a signal level typically 2-3 orders of magnitude higher than
that from a conventional equipment. As a consequence, practically all p/p* and n/n” epi
structures with standard epi thickness and resistivity on substrate with any doping can be
investigated. High resolution (0.5 mm) lifetime maps of whole epi wafers are recorded
with a speed of 30 ms/point. Such a measurement of a p/p* as-received oxidized epi wafer
is shown in Figure 3.a.

Figure 3.a. - Lifetime map of cn p/p* as- Figure 3.b. - Lifetime map of the wafer
received epi wafer (epi thickness 6.3 um, from Fig. 3.a. after the deposition of
epi resistivity 13 S2cm, substrate 500 uC/cm’® negative charge.

resistivity 0.15 £2cm)
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In case of a typical thermal-oxide, the interface state density and oxide charge shows
an inhomogeneous distribution which is reflected in the actual measurement. After the
deposition of negative charge on the entire wafer surface (about 500 uCrem?) the
semiconductor surface is pushed to accumulation, surface recombination velocity is
reduced and charge density is homogenized. As a consequence, the measured lifetime is
increased and by the elimination of interface recombination velocity variations a structure
from the material is made visible on the recorded map (Figure 3.b.). A ring-like pattern is
clearly resolved by the measurement even if the relative lifetime variations between
neighboring rings are in the range of some percent.

The above pattern probably is originated from crystal growth and appears in the map
probably due to a minor influence from the bulk material. It will be shown later that the
measured value has a stronger contribution from the epi layer. A similar map recorded on
an n/n” structure can be seen in Figure 4. Not like the above p/p* wafer which had a
homogeneous epi quality the present map shows a large variation in the epi characteristics
having a low lifetime feature originated from the epi process close to the flat region. (In
this case for maximum surface passivation a positive corona charge was applied to reach
accumulation.)

4 L

o MR, TS SR S

4.5 ps L Jeriny |
Figure 4. - Lifetime map of an n/n+ epi Figure 5. - Lifetime map of a p/p+ epi
wafer (epi thickness 17.5 um, epi wafer with chemical surface passivation
resistivity 0.59Qcm, substrate resistivity with an epi thickness of 8um.

0.015 Qcm) after the deposition of 500
UC/cm? positive charge.

To eliminate the contribution from high temperature oxidation processes on epi quality
bare wafers are measured with chemical surface passivation. (A solution containing
iodine is spread over the surface.) Proper application of this technique may lead to a
recombination velocity comparable to that of a charged thermal oxide. High resolution
map of a p/p* epi wafer with iodine passivation is seen in Figure 5. It is important to note
that in an 8 {um epi layer effective lifetime exceeding 50 ps could be reached. With the
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application of a simultaneous bias light the passivation efficiency even can be improved
further, this way giving a possibility of measuring net epi lifetimes without the need of
further calculation [7].

Contamination Concentration Determination in Epi Layers

Iron is a well-known contaminant in silicon wafers. In p/p" type silicon iron is present
in the form of Fe-B pairs. It is common knowledge that Fe-B pairs can be dissociated by
annealing or illumination and such treatments result in iron interstitials separated from B
dopants [8].

In the present study a high intensity halogen lamp was used for Fe-B separation. Such
treatment was applied to an iron contaminated sample for the demonstration of the
practicality of this technique.

Figure 6. - Fe-B pair dissociation due to Figure 7. - Fe-B pair dissociation due to
a halogen lamp spot illumination in a a halogen lamp spot illumination in the
bare silicon wafer. p/p+ epi wafer from Figure 3.a. and 3.b

Figure 6 shows a high resolution lifetime of a standard bulk wafer without any surface
passivation. Even if the measured value is essentially surface recombination limited
effective lifetime, the illuminated spot with its increased value is distinguished on the
map. Supposing that the surface contribution is not modified by the illumination, it
actually drops out of the comparison of the measured value before and after treatment
finally making possible the determination of iron concentration in the given material. In
the present wafer iron concentration of 2.2x10'%cm?® was determined with the help of the
following expression:
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1 1
NFe = C Tbefare - Tafrer
measured measured

where

Nr. = iron concentration
C = constant

Thefore measured = lifetime measured before illumination
Tafter measured = lifetime measured after illumination

The same experiment was performed on the p/p* epi wafer already shown in Figures
3.a. and 3.b.

In the present case only a square-shaped window around the illuminated spot has been
scanned. As in the bulk wafer case an increased lifetime spot due to illumination is seen
clearly on the map. This is a clear indication that this wafer has iron contamination. One
still has to prove that iron contamination was not detected in the highly doped bulk but in
the 13 Qcm epi layer. For this purpose further measurements should be performed. In this
case not only the Fe-B dissociation process but also the subsequent association of Fe-B
pairs were followed at room temperature (see Figure 8). It has been proven by Zoth and
Bergholz [8 ] that the Fe-B association time constant basically is determined by the B
concentration, i.e., by the doping of the material in question. According to their data in a
material with 0.015 cm resistivity the association should take place in much less than an
hour, while in a layer with 13 Qcm resistivity the association time should extend to about
13 hours. In fact the measured characteristic time for the association is in agreement with
the expectations for the epi layer with 13 Qcm resistivity. Therefore it is concluded that
both the iron association and the dissociation process took place in the epi layer and such
an experiment is a straightforward way of detecting iron in epi structures.

13.5
13.4 1
13.3 A
13.2 A
13.1 A

13 A
12.9 4
12.8 4
12.7 4
12,6 4
125

Lifetime [pus)

0 5 10 15 20 25
Time [h]

Figure 8. - Fe-B pairing (association) in the epi layer
of a p/p* wafer from Figure 3.a. and 3.b.
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Conclusion

It was shown that a modified u-PCD technique with improved sensitivity is capable of
measuring p/p* and n/n* epi structures. If the epi surface is passivated properly, the
measured lifetime variation is characteristic of the epi quality. It was also demonstrated
that iron contamination is easily detected in p epi layers with the above approach.
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Interim Reports of Two Inter-Laboratory Round Robins on Gate Oxide Integrity,
One Conducted by ASTM Committee F-1 and JEDEC Commiittee,
And the Other Conducted by JEIDA Committee and SEMI, Japan

The two round robins, one conducted by ASTM Committee F-1 and IEEE-JEDEC
Committee, and the other conducted by JEIDA Committee and SEMI in Japan are
entirely different in their scopes. The ASTM/JEDEC round is being conducted in the
USA to test gate oxide integrity with three test procedures, namely the voltage ramp, the
current ramp and the bounded current ramp methods. The voltage ramp method is
considered useful in determining changes in a given device process, and is supported by
the ASTM Standard Test Method F1771-97". The current ramp and bonded current ramp
tests are supported by test methods published by JEDEC Committee’. John Suehle of
NIST discusses the details of this round robin below.

The charge-to breakdown evaluation of a silicon wafer is widely used in determining the
wafer quality for device yields and reliability. The purpose of the second round robin
conducted by JEIDA Committee and SEMI Japan is to establish 1) the correlation
between sample preparation conditions, measurement conditions, and 2) to compare the
results of the oxide breakdown measurements performed on the multi-laboratory basis.
Upon obtaining suitable conditions, it is anticipated that a method of measurement of
silicon wafer quality in terms of oxide breakdown will emerge. This method will be
useful by both the silicon producers as well as users who fabricate devices on the silicon
wafers. Kikuo Yamabe of the University of Tsukuba discusses this round robin and
provides initial results.

Both round robins are expected to be completed in the year 2000.
..... Dinesh C. Gupta, Co-Editor

Round Robin on GOI Test Methods Conducted by ASTM/JEDEC: Interitn Report®
John S. Suehle, Semiconductor Electronics Division, NIST, Gaithersburg. MD 20899

The purpose of the inter-laboratory round robin is to evaluate the joint ASTM/JEDEC
voltage ramp test procedure for ultra-thin oxides having a thickness down to 3 nm. The
round-robin will also evaluate modifications made to the breakdown criteria used in the
JEDEC current ramp and the bounded current ramp test. The failure (breakdown)

" ASTM Book of Standards, Volume 10.05. The test method is under the Jjurisdiction of ASTM Committee
F-1 on Electronics and is the direct responsibility of Subcommittee F1.06 Section F on Metrology for
Process Control, George Brown, Chairman.

? EIA/JEDEC Standard 35-1.

? Round Robin conducted by John Suchle of NIST and George Brown of SEMATECH (Texas Instruments
Assignee).
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criterion for the voltage ramp test was changed from an increase of 10 times in the
measured current to a factor of 3 in the current-voltage slope change. The failure criterion
for the current ramp was changed from a 15% drop in the measured voltage to a 5% drop
in the measured voltage. The results from the round robin will be used to assess the
robustness of the three breakdown tests when performed on different sets of equipment
and to determine if any of the test parameters need to be modified

Texas Instruments, Inc supplied twenty wafers. The wafers were processed such that
there were four sets of wafers having SiO; grown to a thickness of 20, 10, 5, and 3 nm.
Sixteen wafers were patterned with round capacitor test structures with 4 different areas
and four wafers were not patterned for Hg probing. Each participating laboratory is
instructed to perform 3 tests: ASTM/JEDEC Voltage Ramp test, JEDEC Current Ramp
test, and the JEDEC Bounded Current Ramp test.

Eleven laboratories have agreed to participate in the round-robin experiment. NIST
serves as the reference laboratory. Three laboratories have completed the tests and three
are currently conducting the experiment. Initial results indicate that the tests are robust
and yield quantitatively similar reliability parameters even when performed on different
test equipment. The round robin is expected to be completed in the year 2000.

Standardization of Silicon Wafer Evaluation by Oxide Breakdown---Results of first

Round Robin conducted in Japan
Kikuo Yamabe, Institute of Materials Science, University of Tsukuba Tsukuba, Ibaraki 305-8573, Japan

Higher operation speed and better reliability is required in modern silicon ULSI's and
better yields and high reliability are necessary in order to ensure high device
performance. It is known that the silicon substrate quality as measured by the defect
density strongly influences the quality of silicon dioxide film. Further, it is known that 1)
surface metallic contamination and 2) oxygen precipitates and voids influence the
breakdown defect densities of thermally grown SiO; films deposited on silicon wafers.
The voids are aggregates of the atomic vacancies in the silicon substrate*s. The
hydrogen-annealed silicon wafers or epitaxial silicon wafers generally have lower
densities of oxygen precipitates and voids near the surface and, thus provide low oxide
breakdown defect density. Both of these materials are, however, costlier than the CZ
wafers. The evaluation of the silicon wafers by dielectric breakdown of thermally grown
silicon oxide on silicon substrates is very sensitive and practical, but the results are
affected by the sample preparation and measurement conditions. In the first round robin,
the conditions of sample preparation and measurements employed by participants was
checked.

Yamabe, K., Taniguchi, K. and Matsushita, Y., Thickness dependence of dielectric breakdown failure of
thermal SiO; films®, Proc. IRPS '83, IEEFE, 1983, pp. 148-190.
* Yamabe, K., Taniguchi, K., and Matsushita, Y. "Thickness dependence of dielectric breakdown failure of
thermal SiQ, films", Defects in Silicon, The Electrochemical Soc., 1983, p.639.
¢ Yamabe, K., and Taniguchi, K., "Time Dependent Dielectric Breakdown of Thin Thermally Grown SiO»
Films", IEEE Trans. Electron Devices, ED-32, 1985, p.423
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Fig.1. Grown-in defect density distribution by OPP.

The participants of the first round robin are 7 companies, MEMC Japan Ltd., Komatsu
Electronic Metals Co. Ltd., Shin-Etsu Handotai Co. Ltd., Nippon Steel Corp., Toshiba
Ceramics Co. Ltd., Wacker Chemicals East Asia Ltd., and Mitsubishi Material Silicon
Co.

Samples were cut from one phosphorus-doped Czochralski-grown P-type (100)-oriented
silicon crystal ingot with a resistivity 9-11 Q. Cm and were identically processed. The
interstitial oxygen concentration was 8-9x10'’cm™ (JEIDA standard). Three wafers were
selected from the lot and the grown-in defect density distributions were determined by
Optical Precipitate Profiler (OPP) measurements. It was confirmed that the total defect
density was 6-8x10° cm™ in all wafers chosen (Fig. 1).

Fabrication of MOS capacitors:

Two wafers were provided to each participant who fabricated MOS capacitors using the
following method. Each company cleaned the wafers by their own cleaning method,
deposited silicon oxide of 10 and 25 nm at 900°C in an atmosphere of pure dry oxygen,
and deposited phosphorus-doped polysilicon films of 200-400 nm thickness and with a
sheet resistance of less than 50 /0 by LPCVD method. Lithography and either a
chemical dry etching or wet etching technique and the company’s own photomask was
used to form the electrode pattern. The sizes of the capacitors’ gate areas were 1 and 10
mm?®. Back surface contact was not employed.

Evaluation of dielectric breakdown™’

TZDB (Time zero dielectric breakdown) measurement condition: The gate field of the
MOS capacitor was allowed to increase in steps of 0.25 MV/cm until the leakage current
of the gate oxide exceeded the pre-determined dielectric breakdown current of 1 uA. The
gate field at this time was made to be the dielectric breakdown electric field. The gate
field was applied in the direction of the gate electron injection. No compensation was
made for the flat band voltage Approximately 100 capacitors were measured for each

condition, and histograms were drawn for three breakdown modes as follows:
A-mode - Epp = 1MV/cm, B-mode - 1 MV/cm <Epp < 8MV/cm, and C-mode - Egp >8 MV/cm.
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Results and discussion

Fig. 2 shows typical breakdown mode ratios and their average value. Each ratio was
calculated for MOS capacitors fabricated by company B and measured by 7 participants.
The gate oxide thickness was 25 nm and capacitor area was 10mm?. Wafer #F1 measured
by company F had lower B mode failure fraction by about 15 % in comparison to the
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Fig.2. Oxide breakdown mode ratios measured by 7 companies.
Company B fabricated the MOS capacitors.

measurements made by other companies. This result could be explained, because the
company F made an error in the measurement. Accordingly, the data of #F1 was
excluded from the average calculation. Assuming that the oxide breakdown defects have
the Poisson distribution, the oxide defect density, a,s, may be calculated from the failure
fractions in Fig.2, using equation 1.

Oox = - In (1-F)/S (1)

Where, S is the capacitor gate area, and F is the failure fraction for each oxide breakdown
mode.

In Fig.3, the average defect densities for the MOS capacitors fabricated by 7 participants
are shown. The defect density are low for companies B and D, high for companies E, F
and G and in between these for companies A and B. The average density of the B mode
defect is 5.8cm™ w1th a dispersion of = 1 cm™ The average A mode defect density is
lower than 0.1cm™. The average oxide thlckness is about 24.9nm. Assuming that the
silicon thickness converted to the silicon dioxide is 0.44 times the oxide thickness, the
converted silicon thickness is 11.0 nm. Considering the low A mode defect density, it is
reasonable to presume that the B mode oxide defect can be mainly due to defects in
silicon substrate. Therefore we can estimate that the defect density in the silicon substrate
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Fig. 3. Oxide breakdown mode ratios
measured by 7 participants. MOS capacitors
were fabricated by company B.

is (5.3 £ 0.9)x10°cm™. As shown in Fig.1, the dispersion of the COP (Crystal Originated
Pits) density of the silicon crystal ingot is 6-8x10°cm™, which is about tenth of the
electrically measured defect density described above. This difference may be explained
as follows: First, the minute defects, which cannot be measured by the OPP technique,
may become origins of the B-mode oxide defects. Secondly, there may be some defect
origins during wafer process such as surface contamination after cleaning treatment and
diffusion of phosphorus atoms near the polysilicon gate electrode at the oxide interface.
However, considering that the dispersion of the B mode defect densities among the 7
fabricating companies is at most + 1cm™, the second reason can be omitted. The lower
detection limit for defect diameter by OPP measurement is about 100nm. In Fig 1, the
increasing trend with decreasing defect diameter is not perfectly saturated at 100nm.
Defects of diameter less than 100nm, of course, exist in silicon. And it is hard to consider
that the dielectric breakdown of 25nm oxide is not sensitive to defects in silicon with
diameters of the order of ten nanometers. This explanation allows one to believe that the
sensitivity of defect measurement by OPP method is lower than the defect evaluation by
dielectric breakdown of the thermally grown silicon dioxide on silicon substrate. For the
gate area of 1 mm? the measured capacitor number of 100 is too small to estimate the
exact defect density.

Fig 4 shows defect densities of the 10nm oxides. Compared to defect densities in 25nm
oxides, the defect densities of 10nm oxides are remarkably lower except for the company,
D. Due to their fabrication process, companies D and F had higher defect densities.
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Fig. 4. A- and B-mode oxide defect densities for MOS capacitors
fabricated by each participant. Oxide thickness is 10 nm.
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Fig. 5. B-mode oxide defect densities as a function of oxide thickness.

In Fig.5, the oxide defect density is plotted as a function of silicon oxide thickness. The
defects are distributed uniformly with a density, p, in the vicinity of the silicon surface
and become dielectric breakdown defects upon incorporation in the oxide by thermal
oxidation. Assuming that all B mode defects come from defects in silicon substrate, clox
of the B mode is given by

Olox= Psi Tox/0.44 )

The B mode defect density should be in proportion to the oxide thickness, Tox. However,
in Fig 5, the oxide defect density steeply increases when oxide is thicker than 10nm, as
explained by inverse relationship of oxide breakdown field and oxide thickness. Since the
B mode failure fraction is too low, the same measurement for dielectric breakdown of the
two oxides, 10nm and 20nm, is not suitable for the evaluation of defects in silicon wafers.
In case of 10nm oxide, another evaluation method such as a time dependent dielectric
breakdown (TDDB) is proposed.

Oxide thickness
The error in the value of oxide thickness affects the oxide breakdown mode ratio. The
influence is especially large for oxides thinner than 20nm.

The leakage current of silicon oxide film depends upon the electric field across the oxide
and, is controlled by the. Fowler-Nordheim (FN) tunneling mechanism. The leakage
current in different oxide thickness will be equal if the series resistances in the oxides,
coming from the silicon substrate, polysilicon electrode and wiring etc., are equal.
Therefore, if the same measuring system is used, a variation in oxide thickness may be
calculated from the gate voltage distribution that gives equal leakage currents for the
capacitors with equal gate areas. From the current-voltage characteristics, gate voltages
were obtained for a leakage current of 1x10°® A/mm®. Oxide thickness was measured on
the test wafer by ellipsometric measurement. Figures 6(a) and 6(b) show the correlation
between gate voltage and the oxide thickness for 25nm and 10nm oxides. In fig. 6(a), all
data points are within a region enclosed between +10% and -10% lines, while in fig. 6(b),
only one data point is below the -10% line. This indicates that the leakage current of the
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oxide deposited by this company is higher than that of the leakage currents of oxides
from other companies. A round robin for the oxide thickness measurement is planned
among the seven companies.
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Fig. 6. Critical gate voltage vs. oxide thickness measured by ellisiometry. The critical gate voltage is a
voltage at which the gate oxide leakage current reaches 10-6 A/cm2 of MOS capacitors with oxides of
(a) 25 nm thick and (b) 10 nm thick

Conclusion

This round robin consisted of sample preparation and measurement of oxide breakdown
by seven companies in the process of evaluating silicon substrate quality by gate oxide
integrity. It is anticipated that following a second round robin, the standard test method
for GOI measurement can be recommended in the year 2000
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Panel Discussions — A Synopsis

Dinesh Gupta and Howard Huff wrote the material presented in
this appendix. it is based on their material and feedback from
Dave Dumin, Gennadi Bersuker, Yoshio Murakami, and John
Suehle. This material, however, did not go through the review
process and is presented for information only.

The Panel members included G Bersuker, SEMATECH; M Dexter,
Texas Instruments; D.J.Dumin, Clemson University; E.D.Grann,
Wacker Siltronic; G.Gruber, Solid State Measurements; G.Miner,
Applied  Materials; Y Murakami, Mitsubishi Materials Silicon
Corporation; T.Pavelka, Semilab Rt; M.Seacrist, MEMC Electronic
Materials; A. Strong, IBM; JSSuehle, NIST; and M Wilson,
Semiconductor Diagnostics.

Gate dielectric integrity (GDI) was described to be one of the most critical parameter of
CMOS devices. Certain grown-in defects incorporated during crystal growth impact the
integrity of the gate dielectric films. Thus, GDI has frequently been used to classify the
quality of silicon wafers. These measurements have led silicon suppliers to develop
crystal growing processes, which suppress the formation of point defect agglomerates,
thus reducing or eliminating vacancy-related defects. GDI performance in wafers using
these technologies can approach epitaxial wafer equivalence. It is, however, not well
understood how much other wafer properties such as microroughness, surface
contamination etc. will influence thin dielectric GDI. Continued scaling of gate dielectric
thickness for smaller technology nodes raises reliability concerns for ultra-thin dielectrics
because excessive leakage current and soft breakdown present new challenges.

Many methods are used to introduce the stress during measurement. These methods
include constant voltage, constant current, and VRAMP or JRAMP (step or bounded).
The ramped current and constant current measurements of Qug can only be correlated if
test conditions are properly taken into account.

The results for thicker oxides (>10 nm) measured under constant voltage and. constant
current stress are closely related. For thinner oxides (< 3 nm, for example, where direct
tunneling becomes more important) however, Qpg measured by a constant current stress
(CCS) is very sensitive to the stress conditions, and tends to lose its significance as a
metric,

Published literature has shown that even for thicker oxides, Quq cannot be directly

correlated with dielectric lifetime determined by device testing, but can be useful as a
rapid process control method for determining dielectric defect density. Data is available
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in the literature, however, which shows that if extrinsic defect density is the desired
parameter, ramp test duration could be decreased from 25 sec down to one sec with no
loss of resolution. Qg is not a predictor of dielectric lifetime, but it can be used to
identify defective dielectrics.

The detection of the breakdown event during the breakdown test becomes quite difficult,
especially in ultra-thin dielectric films. The event is noted in terms of a sudden decrease
of current in the constant current method. According to one panel member, “soft- or
quasi-breakdown may occur during testing of oxides thinner than 5 nm. Leakage was also
a limiting factor in dielectric scaling. It was mentioned that the minimum thickness is 2.4
nm based on a defect generation model with a tolerable leakage current of 1 A/cm? was
identified from reliability consideration [1].

The calculation of defect density is based on a Poisson distribution using the following
relationship

Y =exp (-AD), M

Where:

Y = yield of good units in terms of defined criterion,
A = area of sample, cm?, and

D = defect density, defects/cm?

The yield may be represented by (/-F)} as follows:
1-F = exp (-kt") 2

Where, k and n are constants, characteristic of the transformation of a good to a bad
device, F (#1) is the fraction of devices that fail, and ¢ is the time. Equation (3) is used to
convert the cumulative percentages to Weibull format (where /n is the natural log
operator):

In {-in(1-F)}=+lnk+nlnt (3).

The Weibull distribution is often used to present Qpg results. According to one panel
member, “the CCS method is preferable from a material characterization point-of-view
because CCS is not too sensitive to the variation in the oxide thickness.” However,
constant voltage stress (CVS) is preferred for thinner oxides. Electrode polarity has a
large effect on Time Dependent Dielectric Breakdown (TDDB), at least for CCS
measurements and oxides greater than about 5 nm. Improved TDDB is often achieved
when carrier injection is from the substrate rather than from the electrode. The effect of
grown-in crystalline defects on hard breakdown decreases with the decrease in dielectric
film thickness. The temperature at which the wafers are annealed after poly deposition
(for activation of the dopant in the poly) is important, e.g., TDDB of an MOS capacitor
annealed at 1000°C is much better than that of the MOS capacitor annealed at 900°C. A
wet, rather than a dry, oxidation has been noted to improve Q4 (see Figurel). Finally, the
effect of COPs on gate dielectric integrity decreases with the decrease in the oxide
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thickness. Indications suggest that the effect of metal impurities be also reduced with
decreasing oxide thickness [2], although this topic is still an open question with data
reported for both possibie outcomes.
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Fig.1. Qbd vs. oxide thickness for wet and dry oxidation.
(The figure was supplied by Y Murakami, Mitsubishi
Materials Silicon Corporation).

As described elsewhere in this publication, the oxide wearout and breakdown field can be
understood in terms of trap generation inside the oxide and locally high current regions
occurring during the breakdown event. Both electric field and eleciron current contribute
to the trap generation process through weakening of the oxide chemical bonds. Many
effects occurring in oxides during high voltage stresses can be characterized by
measuring the stress-generated trap densities, which are related to the stress-induced-
leakage-current (SILC).

The literature [3-5] published on oxides and oxide breakdown mechanisms subsequent to
this conference are included here for the interested reader.
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